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Cyanobacterial blooms are global environmental issues because of their impact 
on the aquatic ecosystem and drinking water supply. Besides foul tastes and odors, 
toxins produced during cyanobacterial blooms are of more concern. Cyanotoxins are 
one class among the wide range of secondary metabolites produced by cyanobacteria, 
the functions of which are not fully understood yet.  
The most toxic cyanotoxins are a group of hepatotoxins called microcystins, 
which can interfere with eukaryotic protein phosphorylation and signaling, leading to 
acute and chronic liver diseases, tumor, and even death in human and aquatic life. The 
observed microcystin concentrations in natural water environment are always 
fluctuating and hard to predict because of (i) coexistence of toxic and nontoxic strains 
in natural environment; (ii) existence of strains that possess the biosynthetic genes but 
do not produce microcystins and (iii) lack of knowledge of microcystin gene 
regulation.  
It has been reported that microcystin production in cyanobacteria is regulated by 
environmental factors including light and nutrients. The research gap is how these 
environmental factors regulate the microcystin pathway by affecting the metabolic 
networks in a cyanobacterial cell during the bloom stage. As secondary metabolites, 
microcystins seem to be produced with no conclusive biological or ecological 
explanation and has no interference with other metabolic networks. There is a lack of 
report on the relations between microcystin metabolic pathway and other metabolic 
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pathways. The function or role of intracellular microcystins for cyanobacteria is not 
well understood as well. 
Using an integrated systems biology strategy, we studied the response of the 
microcystin metabolic network in Microcystis aeruginosa during environmental 
perturbations. As environmental parameters such as light and nitrogen are known to 
play an important role in mcy gene expression, we created environmental 
perturbations for cyanobacterial cells by applying different light and nitrogen 
conditions at a specific point in exponential growth stage to capture likely cellular 
events. Unlike previous reports, Microcystis cultures were subjected to three light 
levels and three nitrogen treatments for six hours at specific exponential growth stage. 
This experimental design allowed cellular responses to be studied free from 
confounding effects of growth changes unlike in previous reports, where treatments 
are applied from start of culture. Gene expression profiling using microarray and 
liquid chromatography coupled with high resolution and accurate mass spectrometry 
were performed, and transcriptomic and metabolite profiles of Microcystis were 
compared after different environmental perturbations.  
High light up-regulated, and high nitrogen down-regulated mcy gene expression. 
Light affected more through RNA level changes, while nitrogen acted mainly at the 
metabolic level. A number of pathways required for biomass increase, such as those 
for fatty acid biosynthesis, cell division, and vitamin production were affected at the 
RNA level and co-expressed with microcystin biosynthesis pathway. The biosynthetic 
 ix 
 
gene expression for the secondary metabolite class of cyanopeptolin is reported here 
for first time to be correlated with that of microcystin biosynthesis. Stress-related 
metabolic pathways such as of sulfur and vitamin B6 are also reported here to be 
correlated with microcystin production. Lastly, gas vesicle proteins seem to be 
co-expressed with microcystins.   
Findings reported here drew our attention to the possible relationship between 
oxidative stress, gas vesicle functioning and microcystin production. To test the 
oxidative stress in Microcystis, controlled studies showed that high light levels 
increased reactive oxygen species in Microcystis cells. These data, combined with our 
observations of elevated levels of protein-bound microcystin under high light 
conditions, make a strong case for involvement of microcystins in coping with stress 
that might occur during bloom conditions. Overall, our integrated systems level study 
has outlined several coordinated changes that constitute the cellular strategy of 
Microcystis cells during conditions that promote bloom and toxin production. These 
findings will be useful in devising management tools for cyanobacterial blooms and 
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Cyanobacteria belong to Gram-negative bacteria based on their cell wall 
structure but are commonly termed as blue-green algae as they have photosynthetic 
pigments and their environmental behavior is similar to that of algae. This phylum of 
bacteria are unicellular or multicellular prokaryotes, which possess chlorophyll-a and 
perform photosynthesis. They are ubiquitous species of most surface water 
ecosystems. Cyanobacteria colonize rock and soil, live in water, salty or fresh. They 
are presumed to be the pioneer organisms in the early days of the Earth, and the 
oxygen atmosphere that we depend on today is the photosynthesis product of 
numerous cyanobacteria. 
When water bodies receive excess nutrients, suitable conditions can stimulate 
cyanobacteria to reproduce rapidly, causing severe cyanobacterial blooms. 
Cyanobacterial blooms can cause a tremendous impact on water quality. A high 
abundance of cyanobacteria can block sunlight, consume oxygen, form surface scum 
and give unpleasant odors. Besides causing foul taste and odors in water supplies, the 
most concerned risks of cyanobacterial blooms are associated with exposure to toxic 
species. Some cyanobacteria species can also produce toxins that are harmful to 
humans and aquatic life called cyanotoxins.  




Among cyanotoxins, there are a group of potent hepatotoxins called microcystins. 
Microcystin-producing cyanobacterial blooms have been of great concern because of 
the significant toxicity of microcystins. Microcystins are known to interfere with 
eukaryotic protein phosphorylation and cause severe liver damage. Exposure to crude 
extract from toxic Microcystis aeruginosa cells is known to promote tumors and cause 
severe liver damage symptoms and even death in mice (Nakano et al. 1991). 
Although recent report of microcystin poisoning cases in human is rare, the risk of 
microcystin poisoning drinking water supply exists widely, and WHO has adopted a 
maximum allowable concentration for microcystin-LR in drinking water of 1μg/L 
(Campinas and Rosa 2010). 
Microcystins are produced by many cyanobacterial genera including Microcystis, 
Anabaena, Planktothrix, and Nostoc. Within genus Microcystis, M. aeruginosa is the 
most prominent microcystin producer. M. aeruginosa is a common unicellular species 
found in cyanobacterial blooms. It is also a good model organism to study microcystin 
production because the complete genome is available, making systems level studies 
possible. M. aeruginosa PCC 7806 was originally isolated from the Braakman water 
reservoir (The Netherlands) and is one of the two toxic Microcystis species with fully 
sequenced genome (Frangeul et al. 2008). It thus provides a good model for our study 
on microcystin metabolic network. 
Metabolism is the set of chemical reactions that happen in living organisms to 
sustain life. Metabolites are the intermediates and products of metabolism, divided 




into two categories: primary metabolites and secondary metabolites. A primary 
metabolite is directly involved in normal growth, development, and reproduction. A 
secondary metabolite is not directly involved in those processes, but usually has an 
important ecological function. In most cases, microcystins are characterized as 
secondary metabolites of cyanobacteria, because it seems that they are not involved in 
cell growth, development, and reproduction (Mejean and Ploux 2013). 
Chemical reactions of metabolism are organized into metabolic pathways. In a 
metabolic pathway, one chemical is transformed into another chemical by enzymes 
through a number of steps. For example, phenyl acetate and malonyl-CoA are 
transformed into microcystin by a series of enzymes coded by the mcy gene cluster 
(Tillett et al. 2000). The intermediates and products of one chemical reaction can 
subsequently diverge to multiple pathways, or converge into a single path. This 
interaction/interconnection between different metabolic pathways is referred to as a 
metabolic network, which contains a complete set of metabolic and physical processes 
of a cell. Metabolomics approaches analyze the relative quantity of various 
metabolites simultaneously, and provide information about the dynamics of 
metabolites in the cell under certain conditions. It has been used to study different 
metabolic networks in cyanobacteria, including inorganic carbon acclimation and 
glycogen biosynthesis processes (Schwarz et al. 2011, Hasunuma et al. 2013).  
 




1.2 Research gaps 
In order to understand and control toxic cyanobacterial blooms, worldwide 
efforts have been made to study the microcystin biosynthesis and its regulation. All 
those studies can be divided into two categories: studies carried out in natural 
environment and those performed in controlled laboratory environment.  
Studies carried out in natural environment usually require water samples from 
lakes or reservoirs, and the toxin concentrations are studied together with 
cyanobacterial community structure. These studies also involve measurement of 
environmental parameters and the fluctuation of these parameters. Such studies have 
shown that environmental factors such as nitrogen influence the microcystin 
concentration and cyanobacterial community structure (Monchamp et al. 2014).  
It is difficult to better understand the microcystin biosynthesis and regulation 
mechanism by analyzing samples from natural environment because of the 
complexity of cyanobacterial community structure and fluctuation in confounded 
environmental parameters. The observed microcystin concentrations in natural 
environment are always fluctuating and are hard to predict because of the following 
reasons: First, in the case of microcystin production, toxic and non-toxic strains 
always coexist in natural environment. Some strains do not contain a complete set of 
mcy genes and cannot produce microcystins. And it is a frequently observed 
phenomenon that within the same species, both toxic and non-toxic strains co-exist. 
Second, inactive microcystin producers also exist which do contain a complete set of 




toxin-encoding genes, but are unable to express them (Kurmayer et al. 2004). 
Therefore, detection of mcy genes does not always correlate with toxicity. Third, 
mechanisms of mcy gene regulation and expression are still poorly understood, 
although the triggers for microcystin production seem to be related to environmental 
conditions including light intensity, nitrogen availability, and other environmental 
factors. 
Studies performed in controlled laboratory environment usually establish 
cyanobacterial growth condition in mesocosm setups in batch cultures. Samples in 
such setups involve axenic cyanobacterial cultures which are based on strains isolated 
from natural environment. An advantage of laboratory based setups is that the growth 
condition of cyanobacteria can be controlled together with individual environmental 
parameters or their combinations. Previous studies have used RNase protection assays 
(RPAs) (Kaebernick et al. 2000) and quantitative RT-PCR (Sevilla et al. 2010) to 
study the effects of environmental conditions on mcy gene expression. It was found 
that mcy gene expression is affected by environmental factors especially light. 
However, it is still unclear how environmental factors change the microcystin 
production and the metabolic network of cyanobacteria. It also needs to be addressed 
whether different environmental factors interact with each other or work 
independently in changing microcystin biosynthesis. Furthermore, there is still a lack 
of evidence whether microcystin has an intracellular function in cyanobacterial cells. 




Answers to these questions are important for the water management to monitor and 
prevent occurrence of microcystin containing cyanobacterial blooms. 
 
1.3 Motivations and objectives 
Microcystin producers are the most abundant cyanobacteria in freshwaters 
globally. In lakes and reservoirs with high nutrient levels, concentrated scums of 
floating cyanobacteria are formed quickly and it is often associated with toxin 
production. These lakes and reservoirs may be utilized as drinking water supply at the 
same time, making toxic cyanobacterial bloom a real health risk, especially when we 
still have no solid understanding of the toxin function and its synthesis regulation 
pathway. 
Previous studies have shown that environmental parameters such as light and 
nitrogen play an important role in mcy gene expression and microcystin production. 
Cellular response to genetic and environmental perturbations is often reflected and 
mediated through changes in the metabolism, and such changes are made through 
transcriptional changes induced by complex regulatory mechanisms involving various 
metabolic pathways (Patil and Nielsen 2005). Therefore, understanding of metabolic 
networks can be useful to study how gene expression pattern responds to 
perturbations. It is also found that cells first respond to perturbations by changing the 
expression pattern of several genes involved in the specific parts of the metabolism 




where a perturbation is introduced, and then, because of the highly connected nature 
of metabolic networks, these changes are propagated. 
 
 
Fig. 1-1. The process of cellular response to environmental perturbations. 
 
The overall goal of this study is to understand the microcystin biosynthesis 
regulation by studying the response of microcystin metabolic networks to 
environmental perturbatons in Microcystis aeruginosa. In this Thesis, we provide 
environmental perturbations to Microcystis aeruginosa PCC 7806 cells to alter 
microcystin biosynthesis and study how gene and metabolite profiles change. Our 
studies on metabolic network will also help elucidate other pathways coordinately 















Specific objectives of this thesis are:  
1. To identify environmental factors which perturb microcystin biosynthesis 
pathways by analyzing changes in transcript abundance of the mcy gene 
cluster. 
2. To identify modules of M. aeruginosa metabolic network that respond to 
environmental perturbations using a metabolomics approach and determine 
the parts of the network that respond during resource re-allocation for toxin 
production. 
3. To identify regulators of microcystin metabolic network based on 
genome-wide expression profiles affected by environmental perturbations. 
In this study, we have adopted a systems biology approach to study the 
microcystin biosynthesis network in M. aeruginosa PCC 7806. First, environmental 
conditions were identified which can perturb microcystin biosynthesis pathways at the 
transcriptomic level of the mcy genes. Next, microarray and metabolomics analyses 
were performed using M. aeruginosa cultures exposed to different environmental 
conditions. The microarray and metabolomics results were then statistically analyzed 
and molecular entities that pass the t-tests were identified. Differential RNA and 
metabolites that pass t-tests were mapped to different metabolic pathways. The results 
of perturbations of metabolite and RNA that are associated with microcystin 
perturabational responses are compared and discussed.  
                                                LITERATURE REVIEW 
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2 LITERATURE REVIEW 
 
2.1 Cyanobacterial blooms 
2.1.1 Cyanobacterial blooms: an environmental problem 
An algal bloom is a rapid accumulation in the population of algae in aquatic 
ecosystems, and a harmful algal bloom often refers to toxic algal blooms. Because the 
major toxin producers are dinoflagellate and diatom in the marine environment and 
cyanobacteria in fresh and brackish water (Landsberg 2002), a harmful algal bloom in 
freshwater usually means toxic cyanobacterial bloom. Due to their strong adaptability 
to environment, cyanobacteria usually proliferate more rapidly than other algae and 
become dominant in population under favorable nutrient and environmental 
conditions. Some cyanobacterial species can control their position in the water layer 
through gas vesicles, whereas some of other some cyanobacterial species are nitrogen 
fixers, providing further advantage for their competition with other algae for sunlight 
and nutrients. 
Due to climate change and warming weather, incidence of cyanobacterial blooms 
has been increasing globally (Cheung et al. 2013), which forms a rising challenge 
faced by the water resource management in many countries. Cyanobacterial blooms 
are causing both ecosystem impact and economic losses. It is reported that 
cyanobacterial blooms have strong influence on the structure of ecosystem and food 
web in the northern Baltic Sea (Karjalainen et al. 2007). Cyanotoxins and other 
secondary metabolites produced by cyanobacterial cells were found to enter the food 
                                                LITERATURE REVIEW 
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web and accumulate in the fish and benthic mussles. Serious cyanobacterial blooms 
often lead to shutdown of the water supply system, and affect the tourism and industry. 
In Lake Taihu catchment, China, it was reported that a total loss of 46.5 billion RMB 
(about 6.5 billion USD) was suffered by a cyanobacterial bloom event in 1998 (Le et 
al. 2010).  
2.1.2 Bloom forming species and their distribution in nature 
Famous bloom forming cyanobacterial genera include Microcystis, Anabaena, 
and Planktothrix (Chen et al. 2012, Liu et al. 2013). Among them, it was reported that 
Microcystis are the most prevalent cyanobacteria worldwide, with the species 
Microcystis aeruginosa being the major bloom forming species (Rajasekhar et al. 
2012). As cyanobacteria are ubiquitous organisms, their geographical distribution 
reaches all continents including Antarctica (Martineau et al. 2013). Cyanobacterial 
blooms have been reported from all over the world. Microcystis blooms have been 
reported from China, USA, Australia (Davis et al. 2010, Reichwaldt et al. 2013, Ma et 
al. 2014). Anabaena blooms have been observed in USA, Vietnam, and Israel 
(Johnston and Jacoby 2003, Ballot et al. 2011, Duong et al. 2014). Planktothrix 
blooms have been reported from China and Poland (Stefaniak et al. 2005, Gao et al. 
2009).  
Most cyanobacterial blooms involve more than one cyanobacterial genera. 
Different cyanobacterial genera usually coexist in natural aquatic ecosystems and one 
of them dominates under certain eutrophication and environmental conditions. For 
                                                LITERATURE REVIEW 
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each cyanobacterial species or strain, there is an optimal temperature at which the 
growth rate reaches the maximum. Temperate strains prefer lower temperature, and 
tropical strains prefer higher temperature, while some cyanobacterial species tolerate 
a wide range of temperature (Deng et al. 2014, Lv et al. 2014). In recent years, 
because of climate change, it was suggested that the geographical distribution of 
cyanobacteria is changing and many species become invasive species in regions 
where they rarely lived before (Briand et al. 2004). For example, Cylindrospermopsis 
was originally a tropical species, and was found to move to higher latitude area in 
Europe continuously (Paerl and Huisman 2009). 
 
2.2 Cyanotoxins and toxic cyanobacterial species 
2.2.1 Definition of cyanotoxins 
Toxic cyanobacterial blooms have been reported from Australia, USA, China 
and many other countries (Corbel et al. 2014). Toxins produced by cyanobacteria are 
called cyanotoxins. Generally, cyanotoxins are secondary metabolites or small 
molecules produced by cyanobacterial cells, and they can lead to fish death and 
threaten water supplies. Most incidents of poisoning by cyanotoxins were reported in 
freshwater ecosystems. Based on their chemical structure, cyanotoxins can be divided 
into cyclic peptides, alkaloids, polyketides, and amino acids. Moreover, most 
cyanotoxins have a number of variants, e.g., microcystins and nodularins. 
                                                LITERATURE REVIEW 
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Cyanotoxins were found to be in high intracellular concentrations with 
cyanobacterial cells, but low extracellular concentrations in water phase (Welker and 
Steinberg 1999). During water treatment, intracellular toxins can be removed by 
filtration. However, it is rather difficult to remove the extracellular toxins dissolved in 
the water. Different mechanisms have been proposed to remove cyanotoxins during 
water treatment process. Ultrafiltration and nanofiltration were proposed to treat 
cyanobacteria contaminated water samples (Gijsbertsen-Abrahamse et al. 2006), and 
the ultrafiltration and nanofiltration methods were able to remove over 98% of cell 
bound microcystins. Alum coagulation has been used to remove microcystin from 
contaminated water (Han et al. 2013). However, intracellular microcystin was 
released to extracellular environment during the treatment. Polymorphic titanium 
dioxide treatment (TiO2) and UV irradiation have been used for cylindrospermopsin 
removal (Zhang et al. 2014). 
Because of the difficulty in removing extracellular cyanotoxins, in many parts of 
the world there is still a risk of drinking inadequately treated water. Even at low 
concentration, the impact of cyanotoxins on human health cannot be negligible, 
especially those associated with long term exposure. Researches have been carried out 
in the area of chronic health effect caused by sub-lethal dosage of cyanotoxins. In the 
Three Gorges Reservoir Region, China, microcystins were detected in people’s water 
and food, and together with Hepatitis B virus, microcystin exposure was found to be 
related to liver damage in children (Li et al. 2011). For people who live near Tai Hu 
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Lake, a lake with high eutrophication level in China, it was reported that the risk of 
microcystin exposure through drinking water was over 6 times higher than the 
tolerable daily intake (TDI) recommended by the World Health Organization (WHO) 
(Zhang et al. 2009).  
2.2.2 Types of cyanotoxins and their producers 
Cyanotoxins are a diverse group of substances synthesized by cyanobacteria. 
Based on the organ they act on, cyanotoxins can be classified into hepatotoxins, 
neurotoxins, cytotoxins, and dermatotoxins (Corbel et al. 2014). Poisoning cases can 
be caused by drinking cyanotoxin contaminated water, or consuming seafood such as 
shellfish. Some cyanotoxins are potent toxins causing irreversible damage in liver and 
kidney, and some are mild toxins causing irritation to skin. Major types of 
cyanotoxins and their producers are summarized in Table 2-1. 
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Table 2-1. Types of cyanotoxins and their major producers (adapted from 
Ferguson 1999 and http://en.wikipedia.org/wiki/Cyanotoxin) 
Types of 
cyanotoxins 
Chemical structure Examples Major producer 
genera 














Cytotoxins Alkaloids Cylindrospermopsin Cylindrospermop
sis, 
Aphanizomenon 
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Hepatotoxins act on liver. Famous hepatotoxins are microcystins and nodularins. 
The chemical structures of microcystins and nodularins are quite similar, both are 
cyclic peptides and potent hepatotoxins. Microcystins are produced by Microcystis, 
Anabaena, Planktothrix, Nostoc, etc. Nodularins are produced mainly by Nodularia. 
The hepatotoxins are the mostly studied cyanotoxins because their potential impact on 
human health. Extensive  researches  worldwide  indicate  that  exposure  to  
hepatotoxins  from  cyanobacteria  can  cause  chronic active  liver  injury,  
tumour,  and  even  cancer (Hernandez et al. 2009). Over 70 variants have been 
characterized for microcystins and more than 10 variants were found for nodularins 
(Meriluoto et al. 2004). 
Neurotoxins act on nervous system. They are divided into three groups: 
anatoxins, saxitotoxins, and L-beta-N-methylamino-L-alanine (BMAA). Anatoxins 
and saxitotoxins are alkaloids, while BMAA is a neurotoxic amino acid. Anatotoxins 
and saxitotoxins are produced by Anabaena, Plantothrix, etc. BMAA can be produced 
by all cyanobacterial species. The neurotoxin BMAA has been suggested to be an 
important factor associated with neurodegenerative diseases and has been detected in 
many laboratory cyanobacterial cultures.(Murch et al. 2004, Li et al. 2010) 
Cytotoxins can work on many organs such as liver, kidney, adrenal glands, and 
intestine. The most commonly reported cytotoxin is cylindrospermopsin, which 
mainly effect on liver and kidney. Cylindrospermopsins are alkaloids produced by 
Cylindrospermopsis, Aphanizomenon, among others. 
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Dermatotoxins are irritant toxins, e.g., lipopolysaccharides (LPS) (Rzymski and 
Poniedzialek 2012). The LPS are major components of the cell wall of Gram-negative 
bacteria, and can be produced by all cyanobacterial species. The LPS are important 
for protecting the cyanobacterial cell membrane and inner structure and maintain the 




2.3.1 Introduction to microcystins 
Among cyanotoxins, there are a group of hepatotoxins called microcystins. They 
can interfere with eukaryotic protein phosphorylation and signaling, causing liver 
diseases, tumor and even death. Different cyanobacterial strains are found to produce 
specific microcystin variants. Microcystin-LR is one of the most toxic and commonly 
found microcystin variants. Due to its high toxicity and frequent occurrence in 
drinking water sources, the World Health Organization (WHO) has adopted a 
maximum allowable concentration for microcystin-LR in drinking water of 1μg/L 
(Campinas and Rosa 2010). It was also suggested that microcystin concentration 
lower than that may be present in tap water, which become a risk factor for liver and 
colorectal cancer (Hernandez et al. 2009). In Singapore, it was reported that the 
average total microcystin concentration in raw water of Kranji Reservoir was 
2.66±2.80μg/L (Te and Gin 2011). 
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Microcystin-containing cyanobacterial blooms have been reported from many 
parts of the world. Most poisoning cases happened to shellfish, fish or livestock. 
Microcystins are able to accumulate in the food web. They are mainly found in 
freshwater environment, but sometimes also transferred to the marine environment. In 
one study, microcystins were detected in marine clams and mussels, and the death of 
marine mammal sea otters was also related to microcystin contamination (Miller et al. 
2010).  
It is difficult to remove microcystins by using pH or temperature measures 
(Campinas and Rosa 2010). Microcystin can enter human body through drinking 
untreated water, or ingestion of microcystin contaminated food. There are rare 
poisoning cases of human reported. Once exposed, microcystin poisoning can cause 
both acute and chronic severe symptoms. In one such classic example from Brazil, in 
February 1996, 116 of 130 patients at a dialysis center had visual disturbances, nausea, 
and vomiting symptoms, and by September 15th, 50 of 101 patients who then 
developed acute liver failure had died (Jochimsen et al. 1998). The cause of these 
symptoms was later identified to be microcystins from inadequately treated reservoir 
water, which had been used for hemodialysis.  
2.3.2 Structure and biosynthesis 
2.3.2.1 Structure of microcystins 
Microcystins used to be termed by different names (cyanoginosin, cyanoviridin, 
microcystin, etc). The term microcystin has been used most frequently and became 
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the most commonly accepted name for this group of hepatotoxins. The first 
microcystin structure (called cyanoginosin then) was characterized in 1984 (Botes et 
al. 1984). The structure for microcystin-RR (called cyanoviridin-RR then) was first 
characterized in 1989 (Ooi et al. 1989). For naming microcystin variants, the 
sequence of letters for the two variable amino acids has been following that used by 
Botes since 1988 (Carmichael et al. 1988). 
In general, microcystins are cyclic non-ribosomal peptides containing the 
common structure cyclo (Adda-D-Glu-Mdha-D-Ala-L-X-D-MeAsp-L-Z-) (Fig. 2-1A). 
Adda is 3-amino-9-methoxy-2,6,8,-trimethyl-10-phenyl-4,6-decadienoic acid, and X 
and Z represent the two variable amino acids (Trogen et al. 1998, Tillett et al. 2000). 
There are over 80 microcystin variants found so far, and the main structural difference 
among those variants is the variation of two L-amino acids. For example, in 
microcystin-LR, the amino acids at location X and Z are leucine and arginine, 
respectively (Fig. 2-1B); in microcystin-RR, the two amino acids at X and Z location 
are both arginines (Fig. 2-1C). The molecular weight of each microcystin variant is 
between 900 and 1100 Daltons. 
  









Fig. 2-1. General structure of microcystins and structure of microcystin-LR and 
microcystin-RR. (A) General structure of microcystins. X and Z represent the two 
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amino acids at location X and Z are leucine and arginine. (C) Structure of 
microcystin-RR. The two amino acids at X and Z location are both arginines (Benke 
et al. 2015) 
 
2.3.2.2 Microcystin biosynthesis 
In order to understand and control toxic cyanobacterial blooms, worldwide 
efforts have been made to study the microcystin biosynthesis and its regulation. The 
complete organization of the gene cluster responsible for microcystin biosynthesis in 
Microcystis aeruginosa PCC7806 was first characterized in 2000, and it was reported 
that microcystins are synthesized non-ribosomally by a gene cluster composed of 10 
bidirectionally transcribed open reading frames (Tillett et al. 2000). In this study, by 
comparing the microcystin production of mcyA and mcyD knock out mutants with the 
wild type of Microcystis aeruginosa PCC7806, it was confirmed that the gene mcyA 
and mcyD were essential for the toxin biosynthesis.. 
Open reading frame mcyD-F. The 55kb gene cluster has a 733 bp promoter 
region between mcyA and mcyD (Fig. 2-2). The gene mcyD encodes a large 
polypeptide highly similar to known type I polyketide synthetases (PKS); mcyE 
encodes a 393 kDa polypeptide product of mixed PKS and nonribosomal 
peptide-synthetase (NRPS) function; mcyF is relatively small and encodes a 28 kDa 
polypeptide; mcyG encodes a 294 kDa polypeptide of mixed NRPS and PKS function 
(Tillett et al. 2000). 
 







Fig. 2-2. Organization of mcy gene cluster responsible for microcystin 
biosynthesis in Microcystis aeruginosa PCC 7806.(modified from Tillett et al. 
2000). 
Open reading frame mcyH-J. No synthetic function has been found for the gene 
cluster mcyH-J, and the possible roles played by these genes are suggested by looking 
at functions of similar genes in other organisms. The gene mcyH encodes a putative 
67 kDa transmembrane protein similar to ABC transporter; mcyI encodes a 37 kDa 
polypeptide similar to the catalytic region of D-3-phosphoglycerate dehydrogenase 
(SerA); mcyJ encodes a 32 kDa polypeptide similar to the erythromycin synthase 
O-methyltransferase (Tillett et al. 2000). 
Open reading frame mcyA-C. Genes mcyA-C are transcribed in the opposite 
direction to mcyD-J. The gene mcyA encodes a large 316 kDa NRPS; mcyB encodes a 
peptide synthetase of 242 kDa; mcyC encodes a peptide synthetase of 148 kDa.  
The microcystin biosynthesis pathway seems to start with formation of ADDA (a 
unique β-amino acid) through mcyD, mcyE, and mcyG functioning, and then complete 
with cyclization through mcyA, mcyB, and mcyC functioning. Functions for the rest 4 
0 0 100 20 30 40 50 60kb 
mcyG mcyA mcyB mcyC mcyD mcyF mcyE mcyH-J 
                                                LITERATURE REVIEW 
22 
 
genes were assigned putatively: involved in O-methylation (mcyJ), epimerization 
(mcyF), dehydration (mcyI), and localization (mcyH) (Tillett et al. 2000). 
2.3.3 Toxicity 
Microcystins are powerful toxins to animals and human. Acute and chronic 
toxicity of microcystin has been studied mainly for the liver. It was reported that the 
intraperitoneal LD50 (lethal dose, 50%) of the microcystin-LR for mouse was 
approximately 82µg/kg (Gehringer et al. 2003). Health impact on the female mice 
reproductive function has also been studied. It was reported that microcystin-LR 
dosage reduces mouse ovary weight and primordial follicles (Wu et al. 2014). The 
toxicity of microcystins mainly involves two mechanisms: inhibition of protein 
phosphatases by covalent binding and elevation of reactive oxygen species level in 
liver cells.  
Microcystins are known to interfere with eukaryotic protein phosphorylation and 
signaling. Once ingested, through the bile acid transport system, microcystins will 
travel and accumulate to the liver. In the liver, they bind covalently to the thiol of 
cysteine of serine/threonine-specific protein phosphatases PP1 and PP2A, and cause 
irreversible inhibition of these enzymes (Dawson 1998). This leads to excess 
phosphorylation of cytoskeletal proteins in liver cells, and finally destruction of liver 
cells and hemorrhage (Campos and Vasconcelos 2010).  
Except from phosphatases PP1 and PP2A, it was found that other intracellular 
proteins may also be targets of microcystin binding. Recent studies showed that 
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microcystin can bind to catalase, which can convert hydrogen peroxide to oxygen and 
water (Hu and Da 2014). Catalase is important for the detoxification in the liver, 
suggesting alteration of its conformational structure by microcystin binding can lead 
to damage in the liver’s function. Moreover, ATP-synthatase beta subunit protein has 
also been reported to be binding to microcystins in mammalian cell culture treated by 
microcystins (Mikhailov et al. 2003), suggesting high concentration of microcystin 
might also perturb mitochondrial functions. Although other proteins have been found 
to be microcystin binding targets, phosphatases are still the most important binding 
partner in liver cells. 
Microcystins are also responsible for the increase in oxidative stress in liver cells 
which causes apoptosis. It was reported that microcystins cause excessive production 
of reactive oxygen species (ROS) and hydroxyl radical in liver cells of carp, and 
pre-injection of the antioxidant N-acetyl-cysteine (NAC) provided protection to the 
cytoskeleton (Jiang et al. 2013). Therefore, the elevated level of ROS by microcystin 
accelerates liver cell cytoskeleton damage.  
Glutathione is an important antioxidant in the cell, protecting important cell 
components from damage by ROS. It has been reported that treatment by 
cyanobacteria cell extract leads to increase of intracellular glutathione (GSH), and 
pretreatment with N-acetylcystein (NAC), a GSH precursor, enhanced the 
intracellular GSH level and decreased the cytotoxicity, suggesting intracellular  GSH  
plays  an  important  role  in protecting cells from  microcystin induced 
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cytotoxicity and cytoskeleton damage (Ding et al. 2000). These results further support 
that microcystins induce elevated ROS level in eukaryote cells and cause damage to 
the cytoskeleton, leading to apoptosis. 
 
2.4 Cyanobacterial species Microcystis aeruginosa 
2.4.1 Introduction to Microcystis aeruginosa 
Within cyanobacterial group, Microcystis is the most prominent member. 
Microcystis aeruginosa is a common and unicellular bloom forming species and 
known to be the major microcystin producer. Actually, the name microcystin came 
from its producer Microcystis (Carmichael et al. 1988). M. aeruginosa is also used as 
a model cyanobacterial species, because its complete genome is available. Its growth, 
culture and manipulations in laboratory environment have been reported as well. Both 
toxic and nontoxic strains were found within the species M. aeruginosa. M. 
aeruginosa PCC 7806 is a toxic strain and produces 2 microcystin variants: 
Microcystin-LR and D-Asp3 microcystin-LR. 
M. aeruginosa PCC 7806 was originally isolated from a reservoir in The 
Netherlands and was selected as the main species for investigations in this study (Fig. 
2-3). Previously, it has been used as a model organism in many studies to understand 
the toxin production in cyanobacterial blooms (Kaebernick et al. 2000, Ginn et al. 
2010, Sevilla et al. 2010, Straub et al. 2011). 
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Fig. 2-3. Microcystis aeruginosa PCC7806 under epifluorescence microscope. 
Microcystis aeruginosa PCC 7806: Class: Cyanophyceae, Order: Chroococcales, 
Family: Microcystaceae, Genus: Microcystis, Species: M. aeruginosa. 
 
2.4.2 Genome sequence of Microcystis aeruginosa  
There are two toxic strains within the species Microcystis aeruginosa, for which 
genome sequence is available – M. aeruginosa NIES-843 and M. aeruginosa PCC 
7806. Both are capable of producing microcystins. 
The strain NIES-843 was originally isolated from Lake Kasumigaura (Ibaraki, 
Japan). Its complete genome was published in 2007. The genome of NIES-843 
comprises 5 842 795 base pairs, or 6312 putative protein coding genes (Kaneko et al. 
2007). Among the protein coding genes, only 45% is showing some sequence 
similarity to genes of other organisms and therefore can be assigned a function. The 
rest remain unannotated either because there’s no similarity to existing gene 
sequences or because they are similar to genes in other organisms which are also 
unknown (Kaneko et al. 2007). About 12% of the genome sequences are composed of 
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insertion sequences or inverted-repeat transposable elements, suggesting the genome 
is highly plastic resulted from gene transfers during the evolution. The structure of 
microcystin synthetase gene cluster in NIES-843 is similar to that in PCC 7806.  
The genome of M. aeruginosa PCC 7806 was sequenced by a whole genome 
shotgun strategy and published in 2008. In total, 116 contigs comprised of 5 172 804 
base pairs were determined and 5292 putative protein coding genes were found 
(Frangeul et al. 2008). Similar to NIES-843, the genome of PCC 7806 showed high 
plasticity: about 12 % are long DNA repeats and 7% are transposases. The highly 
plastic genome of PCC 7806 was believed to be due to gene transfers as well. 
Although phylogenetic distance analysis based on 23S-16S rDNA sequences showed 
that NIES-843 is the closest strain to PCC 7806, it was reported that the two genomes 
are largely different. One reason is the high number of strain specific genes found in 
both strains. 
The 5292 coding sequences (CDs) of PCC 7806 were classified into 3 groups 
based on Blastp analysis result (Table 2-2). The CDs of PCC 7806 were analyzed 
against 15 other cyanobacterial genomes (Frangeul et al. 2008). Due to the diversified 
genomes of cyanobacteria, it is difficult to assign functions to the putative protein 
coding sequences in PCC 7806. Large number of the CDs remain unannotated. We 
have tried to fill this gap by improving the annotation of the M. aeruginosa PCC 7806 
to enhance the interpretation of systems level data in this study. 
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Table 2-2. Groups of putative protein coding genes in M. aeruginosa PCC 
7806. The coding sequences of M. aeruginosa PCC 7806 were analyzed against 15 
other cyanobacterial genomes (produced from Frangeul et al. 2008) 
Group name Meaning No. of CDs Percentage in the 
genome 
maeru40 Specific to PCC 7806 and 
not found in the 15 genomes 
764 14.4% 
core40 Sharing significant 
similarity with at least one 
CDs in each of the 15 
genomes 
652 12.3% 
other40 Sharing significant 
similarity with CDSs in 




2.5 Environmental factors affecting microcystin production 
2.5.1 Effects of light intensity on mcy gene expression 
It is often observed that in the case of pathogenic bacteria, virulence and 
expression of toxins are positively correlated with cell numbers (Fuqua et al. 2001). 
However, in most studies for production of microcystin in cyanobacteria, no clear 
relationship can be found between Microcystis cell abundance and microcystin 
concentration (Watanabe and Oishi 1985), suggesting microcystin production is 
regulated by environmental factors acting on metabolic pathways. It is recognized that 
bacteria are able to respond to variations/perturbations in their surrounding 
environment by altering their gene expression patterns. Among various environmental 
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factors, light and nitrogen are the two major factors known to change the mcy gene 
expression pattern of cyanobacteria. 
Light is an important factor reported to affect the gene expression of 
cyanobacteria including Microcystis aeruginosa. Almost all studies on the effects of 
light on mcy gene expression agreed that higher light intensity leads to higher mcy 
gene expression level. Gene expression DNA microarray study showed that in 
Microcystis aeruginosa PCC 7806, more than 25% of the genes including mcy gene 
cluster displayed significant changes in their transcript abundance during the 
light/dark transition (Straub et al. 2011). This was the first microarray study of 
Microcystis aeruginosa and discovered how the gene expression profile changes 
during light/dark transition. 
Not only during the transition from total darkness to light conditions, other 
researchers have also reported an increase in transcript abundance of mcy genes when 
the light intensity increases from low light to high light conditions (Kaebernick et al. 
2000). Furthermore, it was found that mcy genes have different transcription start sites 
during low and high light conditions (Kaebernick et al. 2002). These results further 
support the hypothesis that different light intensities regulate the mcy gene expression 
in cyanobacteria. 
However, it is to be noted that although light has a strong influence on mcy gene 
expression, it does not lead to an on-off regulation of microcystin production but 
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rather allow for ﬁne adjustments of the toxin production, just like all other 
environmental factors (Neilan et al. 2013). 
As a photosynthetic organism, many metabolic pathways including energy 
metabolism, nitrogen and phosphate transport and metabolism are also affected by 
light (Straub et al. 2011). The strong influence of light on mcy gene expression is 
therefore, probably associated with or co-regulated with other metabolic pathways.  
While high light intensity is often responsible for rapid cyanobacterial growth 
and toxic cyanobacterial blooms in natural environment, there is still no clear 
correlation between the toxin production rate or concentration per cell and the light 
intensity. It is more often observed that toxin concentration increases with light in 
natural environment, and this could be explained by the increase of toxic 
cyanobacterial cell number. Therefore, there is still lack of evidence that toxin amount 
in each cyanobacterial cell is increased by light, and rare researches have exploited 
this issue. 
2.5.2 Effects of nitrogen 
Microcystin is synthesized from amino acids through non-ribosomal peptide 
pathway and nitrogen is one of the important materials for toxin biosynthesis. In 
natural environment, nitrogen is often the limiting factor for the growth of 
cyanobacteria and algae. It plays an important role in determining the eutrophication 
level of water bodies and triggering cyanobacterial blooms.  
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In many studies, nitrogen concentration in the water has been reported to affect 
microcystin production. However, the influence of nutrient concentration on 
microcystin biosynthesis seems to be complex, because contradictory observations 
has been reported. There is disagreement on whether nitrogen concentration increases, 
decreases, or has no effect on microcystin production.  
Some studies showed that high microcystin concentration and cell growth rate 
are associated with high nitrogen concentration (Orr and Jones 1998), while other 
researchers showed that excessive nitrogen reduced mcy gene transcript abundance 
(Ginn et al. 2010). It was reported that NtcA, the bacterial global nitrogen regulator, 
can bind to the mcyA/D promoter region and is probably one of the regulators of mcy 
gene cluster (Ginn et al. 2010).  
It was also found that pulsed nitrogen supply changed the dynamics of amino 
acids and promoted the production of specific microcystin variants. For example, 
pulsed nitrogen supply increased the availability of nitrogen-rich amino acid arginine, 
and therefore favored the production of microcystin-RR (Van de Waal et al. 2010). 
Hence, the effects of nitrogen on microcystin production are probably achieved 
through adjusting the availability of nitrogen containing materials for toxin 
biosynthesis pathway. 
Generally, the influence of nitrogen availability on microcystin production is not 
as strong as that of light, and it seems to be difficult to measure nitrogen influence 
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when light and other environmental factors change at the same time. This could 
explain the discrepancy in different reports. To date, there is still no agreement on 
whether nitrogen up-regulates or down-regulates microcystin production rate. 
Therefore, it would be recommended to carry out experiment in a 
laboratory-controlled environment with nitrogen pulse/shock conditions to determine 
the effect of nitrogen availability on toxin production. 
2.5.3 Other environmental factors 
Besides light and nitrogen, phosphorus concentration, nitrogen: phosphorus ratio 
(N:P ratio) and iron availability have all been related to microcystin production.  
Interestingly, ferric uptake regulator (Fur) was reported to bind to promoter 
region of mcy gene cluster (Martin-Luna et al. 2006). Fur is a repressor using iron as 
co-repressor. Furthermore, iron deficiency was found to increase the mcyD transcript 
abundance and microcystin production (Sevilla et al. 2008) in Microcystis aeruginosa 
PCC 7806. This could be due to less availability of iron leads to less co-repressor for 
the function of Fur, and thus allows more mcy gene expression and toxin production. 
Furthermore, Fur was found to be induced under high oxidative stress conditions 
(Martin-Luna et al. 2011).  
Nitrogen phosphorous ratio (N:P) is another factor reported to affect the 
microcystin levels. A study on M. aeruginosa PCC 7806 and M. aeruginosa UV027 
revealed that there was an optimal N:P ratio at which maximum microcystin level was 
observed (Downing et al. 2005b). In this study, it was also found that with certain 
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optimal N:P ratio, both microcystin and protein concentration increased significantly 
with the maximum growth rate, suggesting N:P ratio, especially the assimilation of 
nitrogen, is important for cell growth, as well as microcystin and protein production in 
the cell. Although the result showed that there is a close relation between N:P ratio 
and microcystin level, this study did not explain whether the change in toxin level is 
the cellular response to N:P ratio or due to the increasing cyanobacterial cell number. 
To address this problem, some study used “cellular microcystin quota” instead of 
microcystin concentration to represent the microcystin production level. “Cellular 
microcystin quota” is the cellular microcystin amount per unit number of cells. It was 
found that cellular microcystin quota was positively correlated with nitrogen uptake 
rate and negatively correlated with carbon fixation rate (Downing et al. 2005a). The 
cellular microcystin quota increased 10 folds when changing environmental 
conditions from the lowest to highest toxin production, suggesting that the change in 
microcystin amount is because of toxin production rate changed by environmental 
factors, rather than due to change in cell number (Downing et al. 2005a). 
2.5.4 Summary 
Microcystin production in cyanobacterial cells is affected by numerous 
environmental factors. While total toxin level is closely correlated with cyanobacterial 
cell number, it was shown that cellular microcystin quota is also changed by 
environmental factors. This change, although is not an on-off switch, can be important 
to water resource managers and researchers as well. Many studies have tried to figure 
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out environmental factors which up-regulate or down-regulate microcystin production 
(Table 2-3). 
Table 2-3. Summary of factors that affect microcystin production 
Environmental 
factors 
Features Effect Reference 
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Ratios 458< N:P<664 
and 237<N:P<753 
The highest toxin 
concentration was found 
for two Microcystis strains 
(Vezie et al. 
2002) 
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Previous studies have characterized light and nitrogen as the two most important 
factors affecting microcystin production rate in cyanobacterial cells. Light 
up-regulates mcy gene transcription and microcystin production. There is discrepancy 
in results about the effect of nitrogen. Iron deficiency was reported to up-regulate 
microcystin production.  
Despite the fact that the correlation between environmental factors and 
microcystin production has been hot research area, to date, defined parameters 
affecting microcystin metabolic pathway are still unclear, and some of the 
discrepancy in results suggests that factors contributing to microcystin production and 
regulation are complex and may be dependent on multiple parameters interconnecting 
with each other. 
 
2.6 Proposed function of intracellular microcystins 
2.6.1 Defense mechanism against grazing 
In order to monitor and prevent occurrence of toxic blooms, it is important to 
gain understanding on microcystin production and its regulation. The regulation of 
toxin production is interestingly always attributed to its intracellular function, since 
most part of the toxin is found to be kept in the cell, rather than released to the outside 
environment. 
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Many studies have been conducted to understand the intracellular microcystin 
functions in cyanobacterial cells. However, as a secondary metabolite, the function or 
role of microcystin in cyanobacterial cells is still poorly understood. It is suggested 
that these compounds contribute to the niche adaptation of toxic strains, and they may 
have a close connection to primary metabolism (Neilan et al. 2013). 
One of the hypothesized functions of microcystin is to control grazing by 
zooplankton or part of the chemical defense system of the cell. It was reported that the 
dominance of Microcystis during the bloom season was due to the suppression of 
mesozooplankton grazing by cellular toxins (Gobler et al. 2007). Pure microcystin-LR 
was also reported to inhibit the growth of other cyanobacterial strains (Bajpai et al. 
2013). 
However, there is lack of evidence of releasing microcystin to outside 
environment actively by cyanobacteria. More studies suggested that zooplankton 
grazing have no or only slight preference for non-toxic or toxic Microcystis strains 
(Davis and Gobler 2011). Some researchers found that toxin levels in cyanobacterial 
Nodularia spumigena were lower when exposed to zooplankton, suggesting that toxin 
production should not be an induced defense mechanism (Brutemark and 
Engstrom-Ost 2013). Moreover, it was found that grazing by flagellate Ochromonas 
sp. does not affect intracellular microcystin concentrations, and microcysint 
production does not provide protection against direct flagellate grazing (Wilken et al. 
2010). Other researchers found that some grazers have highest growth rate when they 
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were fed the most toxic Microcystis aeruginosa, suggesting that they have high 
tolerance to the toxic strains (Kim et al. 2006). 
2.6.2 Adaptation to oxidative stress 
There are several lines of evidences emerging that the intracellular function of 
microcystin is related to oxidative stress adaptation of cyanobacteria.  
First, it was found that iron deficiency and high light lead to up-regulation of 
microcystin production. Both conditions are known to affect the ferric uptake 
regulator (Fur), one suggested repressor of the mcy gene cluster. Fur uses iron as 
co-repressor, and iron deficiency leads to insufficient co-repressor, allowing the 
transcription of Fur controlled genes. When there is high light or oxidative stress in 
the cell, the transcription of an antisense of Fur RNA is up-regulated, and therefore 
the availability of Fur is down-regulated, leading to transcription of Fur controlled 
genes (Martin-Luna et al. 2011). 
Second, intracellular microcystins has been shown to bind to certain proteins 
under high light and oxidative stress conditions (Zilliges et al. 2011). Microcystins 
binding to cysteine residues of proteins protect those proteins from degradation under 
high oxidative stress conditions. Binding partners of microcystins include the 
phycobilisome antennae (PBA) and the large subunit of Rubisco (RbcL), suggesting 
the importance of intracellular microcystin in maintaining high photosynthesis rate 
under high oxidative stress conditions. 
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Furthermore, it is often found that although mcy gene expression changes with 
environmental conditions, the intracellular microcystin concentration does not follow 
the same trend as the mcy gene expression (Meissner et al. 2013). It was suggested 
that a portion of microcystins bind to intracellular proteins and, therefore, is difficult 
to be detected by traditional methanol extracts and LC/MS method (Meissner et al. 
2013). The conjugate formation between microcystin and proteins increases after high 
light treatment, suggesting the up-regulation of mcy gene expression may have 
increased the microcystin production, but the increased amount of microcystins bind 
to proteins and fail to be detected by traditional LC/MS method. 
 
2.7 Systems biology and its applications 
Systems biology uses a holistic approach to study biological samples. The 
advantage is that it can be applied in studies on a dynamic system with great 
complexity, e.g., studies on the metabolic responses to the changing environment. A 
systems biology approach has been used to study the regulatory networks downstream 
auxin receptor in the nitrate response of Arabidopsis thaliana roots (Vidal et al. 2013). 
Auxin is a phytohormone regulating center in plants. In that research, to study the 
detailed roles of modules in auxin regulatory networks, and their responses to 
changing environments, integrated genomics and bioinformatics approach was used 
and the responses to nitrate in roots were monitored.  
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A metabolomics method has been used to study the natural product biosynthesis 
in marine cyanobacteria (Esquenazi et al. 2011). In this study, stable isotope labeling 
and a MALDI-ToF-MS were applied in metabolite profiling, which allowed 
monitoring of multiple cyanobacterial metabolites biosynthesis and analyzing their 
turn-over rates with the time. Not only for single organism systems, a systems 
approach was also proposed to be able to study the algae-bacterial interactions in 
changing environments by combining the transcriptomic and metabolite profiling 
(Dittami et al. 2014). These studies suggest that systems biology is an effective and 
efficient approach in studying biological systems which are with great complexity and 
dynamics. 
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3 MATERIALS AND METHODS 
3.1 General approach and experiment design 
In this thesis, an integral systems biology approach is adopted (Fig. 3-1) to study 
the regulation of microcystin biosynthesis in cyanobacterial cells by selected 
environmental factors (Fig. 3-1). First, environmental conditions that introduce 
perturbations to microcystin biosynthesis pathways by affecting transcript abundance 
of the mcy genes were confirmed and reproduced in the laboratory environment. Next, 
microarray and metabolomics analysis were performed using Microcystis aeruginosa 
PCC 7806 cultures treated with different physical and chemical conditions. The 
microarray results were then statistically analyzed and genes that passed the t-tests 
were hierarchically clustered. Gene IDs obtained from different levels of gene clusters 
were extracted and mapped to metabolic pathways. Meanwhile, differential 
metabolites that passed t-tests were mapped to metabolic pathways, and the result was 
discussed in comparison to the gene expression results. Finally, reactive oxygen 
species (ROS) assay and microcystin ELISA were performed to validate the results 
from genomics and metabolomics studies. 
 
  




Fig. 3-1. Experiment work flow starting from creating environmental 
perturbations to Microcystis aeruginosa PCC7806 cell. 
 
3.2 Microcystis aeruginosa PCC 7806 and growth conditions 
Cyanobacterium Microcystis aeruginosa PCC7806 culture was a kind gift from 
Dr. Karina Gin, Singapore. Axenic Microcystis aeruginosa PCC 7806 culture was 
grown in Erlenmeyer flasks at 22-23 ℃ without shaking. 24 hour illumination at 
30μmol photons m-2s-1 was provided by cool white fluorescent lamps (PHILIPS 
Lifemax, TL-D 18w/840, cool white). BG11 medium or modified BG11 medium was 
used to grow the M. aeruginosa culture. Liquid culture was used to inoculate BG11 
agar plates twice a month to check for contamination. Contaminated culture was 
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discarded, and clean culture was grown to late log phase (OD730=0.6) and used for 
experiment. 
 
3.3 Environmental perturbations to M. aeruginosa PCC 7806 
Microcystis culture grown to late log phase was subjected to different light and 
nitrogen treatments for 6 hours. For microarray and metabolomics experiments, 
environmental perturbations were created by applying different treatment conditions 
according to Table 3-1. Microcystis aeruginosa PCC7806 were found to grow best at 





 was selected as medium light intensity. Low light and high light conditions 
were selected by searching reference and confirming that no significant cell death 
happened at the two light intensities.  
BG11 medium is a nitrogen rich medium (Madan and Nierzwickibauer 1993), 
and, therefore, the nitrogen concentration in original BG11 medium (1.5g NaNO3/L) 
was used as high nitrogen condition. The medium and low nitrogen concentrations 
were set as half (0.75 NaNO3/L) and a quarter (0.375 NaNO3/L) of the high nitrogen 
condition. Similar nitrogen concentrations have been used in previous study using the 
same strain (Ginn et al. 2010). 
Before environmental perturbations, Microcystis aeruginosa PCC 7806 cells 
were grown in batch culture with BG110 medium (BG11 medium without nitrogen 
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) to late log phase (OD ~ 0.65). At late log phase, cells were subject to 
environmental perturbations by adjusting the light intensity and nitrogen availability 
in the medium. 0.12g NaNO3 g/ml stock solution was made and added to the late log 
phase culture to create the medium and high nitrogen availability in the medium. For 
microarray and metabolomics experiments, 6 hour environmental perturbation was 
applied and the Microcystis aeruginosa cells were harvested by centrifugation at 
8,000g for 3 min for further analysis.  
Light intensity was applied at 3 levels: L1-L3 from lowest to highest light 
intensity. Nitrogen availability was applied at 3 levels: N1-N3 from lowest to highest. 
Therefore, L1N1 means lowest light and nitrogen, L1N2 means lowest light and 
medium nitrogen, etc. 
 
Table 3-1. Environmental conditions and sample names used in microarray 










16 30 66 
0.375 L1N1* L2N1** L3N1 
0.75 L1N2 L2N2 L3N2 
1.5 L1N3 L2N3 L3N3 
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* L1N1 (low light, low nitrogen) condition was omitted for microarray experiment to 
minimize the number of conditions. In previous qRT-PCR experiment, its gene 
expression level was found similar to that of L1N2 (low light, medium nitrogen) 
condition. 
** L2N1 (medium light, low nitrogen) is the control group because it is the default 
culture condition before environmental perturbations. 
 
3.4 Quantitative RT-PCR and microarray 
3.4.1 RNA extraction for quantitative RT-PCR 
Cell harvest: 10ml Microcystis aeruginosa PCC 7806 culture (OD730=0.6) was 
centrifuged at 8000g for 3min at 4℃. Supernatant was removed, and the cell pellet 
was frozen in liquid nitrogen immediately after centrifugation. The cell pellet was 
stored at -80℃ till further analysis. 
Total RNA extraction: Total RNA was extracted using TRIzol® Reagent 
(Invitrogen). Cell pellets were removed from -80℃ and 1ml TRIzol® Reagent was 
added to each cell pellet. The mixture was centrifuged at 12,000g for 10 min at 4°C to 
remove insoluble materials. Supernatant was transferred to a new 1.5ml tube and 
0.2ml chloroform was added. The mixture was mixed by vortex and centrifuged at 
10,000g for 10 min at 4°C. 1.2M NaCl solution and isopropanol (each for 1/2 volume 
of the aqueous phase) were added to the aqueous phase. The mixture was incubated at 
room temperature for 10min to precipitate the RNA. The RNA pellet was washed 
with 1ml 75% ethanol once, and dissolved in DEPC treated water. 
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DNase I treatment: The extracted RNA was treated with DNaseI, RNase free 
(Thermo Scientific) according to the manufacturer’s instructions. The incubation was 
carried out using water bath at 37°C for 30min. 
Column purification: The DNase I treated RNA was purified using RNA 
GeneJET RNA purification kit (Thermo Scientific). 20 µl DEPC treated water was 




3.4.2 Quantitative RT-PCR 
cDNA synthesis: 1µg of extracted RNA was converted to cDNA immediately to 
avoid degradation of RNA during storage. cDNA synthesis was performed using 
Bio-Rad iScript™ cDNA Synthesis Kit following the manufacturer’s instructions. 20 
µl cDNA (1µg) was prepared for each sample, and 0.5µl was used as template for 
each 10 µl PCR reaction. 
cDNA quality check: The quality of cDNA was checked by normal PCR for 
housekeeping gene rpoC1. DreamTaq
TM
 DNA polymerase (Thermo Scientific) was 
used according to the manufacturer’s instructions. The amplified product was run on 
an agarose gel to check the size. 
Quantitative real time PCR analysis Quantitative real-time PCR was performed 
in triplicates using an Applied Biosystems StepOnePlus
TM
 machine. Maxima SYBR 
Green/ROX qPCR Master Mix (2X) (Thermo Scientific) was used for qRT-PCR by 
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following the manufacturer’s instructions. Primers used in normal PCR and qRT-PCR 
are listed in Table 3-2. 
Table 3-2. Primers used in PCR and qRT-PCR. 
Gene name Primer name Sequence (5'-3') Tm 
rpoC1 RpoC1F CCTCAGCGAAGATCAATGGT 58.7℃ 
rpoC1 RpoC1R CCGTTTTTGCCCCTTACTTT 59.0℃ 
mcyA PCCmAF TCGGGATTACTCGTCACCA 58.4℃ 
mcyA PCCmAR AAAGAAGGACTGTGTGCGG 57.3℃ 
mcyD PCCmDF TATCGTGGGTTTAGGTTGTCG 58.4℃ 















trx txF1 GTTTTGTCGGTGCTTTGCCA 62.8℃ 
trx txR1 TTAATCGCGGTTCGTTGGGA 64.2℃ 
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3.4.3 RNA extraction for microarray 
For microarray analysis, at least 6 µg RNA (1µg for bioanalyzer analysis and 
5µg for microarray) was prepared from 50ml-100ml M. aeruginosa PCC 7806 culture 
(OD730=0.6) for each sample. Cell harvest, total RNA extraction, DNase I treatment, 
and column purification processes were performed as described in Section 3.4.1. 
Concentration and quality of the extracted RNA were checked using NanoDrop
TM
. 
The ratio 260/280 for all samples was higher than 2.0, and the ratio 260/230 was 
higher than 1.8. 1µg of purified RNA was used for further integrity check using 2100 
Bioanalyzer (Agilent), and samples that passed the bioanalyzer analysis with a RIN 
(RNA integrity number) higher than 6.0 were used for microarray analysis.  
3.4.4 Microarray 
Microcystis aeruginosa PCC7806 microarray was first designed as described by 
Straub et al. and covered 96% of protein coding genes in the genome (Straub et al. 
2011). Microarray design and initial gene annotation were obtained from Dr. 
Quillardet, The Pasteur Culture Collection of Cyanobacteria, France. Additional gene 
annotation effort, especially the database search, was performed with the kind help of 
Dr. Maria Yung.  
In brief, a total of 5085 protein coding genes were used for microarray design. 
For each sample, 5µg of RNA was sent to Genomax Technologies for gene expression 
microarray using Agilent’s one color microarray platform for prokaryotes (8x60K 
format). 8 environmental conditions, 3 biological replicates for each condition, were 
used for microarray analysis.  
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Microarray data analysis was performed using software GeneSpring 12 (Agilent) 
and Primer 6 (PRIMER-E). Microarray data normalization settings: Threshold: 1.0, 
Logbase: 2, Technology: Agilent.SingleColor.28004, Normalization: Shift to 75 
percentile, Baseline Transformation: median of all samples. The PERMANOVA 
analysis for microarray and metabolomics data was performed with the kind help 
from Dr. Gourvendu Saxena. 
 
3.5 Microcystis metabolite analysis 
3.5.1 Microcystis metabolite extraction 
Cell harvest: 12ml Microcystis aeruginosa PCC 7806 culture (OD730=0.6) was 
centrifuged at 8000g for 3min at 4℃. Supernatant was removed, and the cell pellet 
was frozen in liquid nitrogen immediately after centrifugation. The cell pellet was 
stored at -80℃ till further analysis. 
Metabolite extraction using 80% methanol: 80% methanol was precooled at 
-20°C before use. 1ml cold 80% methanol was added to one cell pellet. The mixture 
was transferred to a 2ml lysing matrix E tube (FastPrep®-24) and homogenized by 
bead beating at 4000rpm for 20 seconds. The bead beating process was repeated 8 
times with cooling on ice in between. The homogenized sample was centrifuge for 3 
min at 8000g at 4°C. The supernatant (800µl) was transferred to a new 1.5 ml 
Eppendrof tube, and centrifuged again for 3min at 8000g at 4°C. The supernatant 
(600µl) was transferred to glass vial and stored at -80°C till further analysis. 
                                          MATERIALS AND METHODS 
48 
 
Metabolite extraction using methanol-chloroform-water mixture: 
Methanol-chloroform-water (47.6%:47.6%:4.8%) mixture was prepared and 
precooled in -20°C before use. The metabolite extraction process is the same as 
described in the 80% methanol method. The extracted metabolite (0.6ml) was freeze 
dried, and dissolved in 80% methanol before LC/MS analysis.  
Metabolite extraction using PBS buffer (pH=7): Phosphate buffer saline (pH=7) 
was prepared and precooled on ice before use. The metabolite extraction process is 
the same as described in the 80% methanol method. The extracted metabolite (0.6ml) 
was freeze dried, and dissolved in 80% methanol before LC/MS analysis. 
3.5.2 Liquid chromatography-mass spectrometry (LC/MS) analysis 
With the kind help of Dr. Peter Imre Benke and Dr Dr. Amit Rai, Agilent 6540 
Ultra High Performance Liquid Chromatography-QToF (UPLC-QToF) Mass 
Spectrometer (Agilent Technologies, Santa Clara, CA) was used for the LC/MS 
experiment. RRHT column (2.1 mm × 100 mm, 1.8-micron, 95 Å) and a 1290 Infinity 
in-line filter (Agilent Technologies, Santa Clara, CA) were used. Water (buffer A) 
and acetonitrile (buffer B) were acidified by adding 0.1% formic acid in and used as 
aqueous and organic eluents, respectively. Gradient separation was carried out as 
follows: 5 % of buffer B for 1 min, followed by a linear gradient to reach to 100 % 
buffer B at 9.5 min, and was maintained at 100 % buffer B till 12 min followed by 5 % 
buffer B at 12.1 min and was re-equilibrated till 14 min. The sample injection volume 
was 4 μL. The flow rate was 400 μL/min and coupled directly to the mass 
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spectrometer for analysis. During chromatographic runs, the plate cooler temperature 
was set to 5 °C, and column compartment was 50 °C. 
For detection of metabolites, the ion spray voltage was set at 4000 V, fragmentor 
voltage was 175 V, drying gas was at 10L/min, nebulizer gas was at 55 psig, sheath 
gas and gas temperature at 350 and 325 °C, respectively. All data collection, mass 
spectrometric and statistical analyses were carried out with Mass Hunter Workstation 
software package: MH Acquisition B.05.00, MH Qualitative Analysis B.06.00 and 
Mass Profiler Professional 16.2.1, respectively (Agilent Technologies, Santa Clara, 
CA). All samples are randomized before LC/MS analysis. 
 
3.6 Reactive oxygen species (ROS) assay 
Microcystis aeruginosa PCC 7806 culture were subject to different treatment 
conditions for 6 hours (Table 3-3).  
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Low nitrogen: 0.375g NaNO3 g/L; 
3
High nitrogen: 1.5 g NaNO3 g/L; 
4






Hydrogen peroxide: 0.5μM , hydrogen peroxide treatment was performed for all 
the above 5 light and nitrogen conditions; 
6
Vitamin E: 5μg/ml, vitamin E treatment was performed for all the above 5 light 
and nitrogen conditions.  




The ROS assay method was as described by Rastogi et al (Rastogi et al. 2010). 
Briefly, 5 µM (ﬁnal concentration) of DCFH-DA (Sigma-Aldrich  Chemical  Co.,  
USA) was added to the Microcystis culture after treatment. The mixture was 
incubated on a shaker in the dark at room temperature for 1 hour. Non-fluorescent 
DCFH-DA is converted to non-fluorescent DCFH by cellular esterases, and DCFH is 
converted to fluorescent DCF by ROS in the cell. 
After 1 hour incubation with DCFH-DA, the intracellular ROS level was 
measured by measuring fluorescence with an excitation wavelength of 480 nm and 
emission of 530nm. The fluorescence reading was performed using a Tecan Infinite® 
200 microplate reader. The experiment was performed with 3 bio-replicates. 
3.7 Microcystin ELISA 
Cell harvest: 12ml Microcystis aeruginosa PCC 7806 culture (OD730=0.6) was 
centrifuged at 8000g for 3min at 4℃. Supernatant was removed, and the cell pellet 
was frozen in liquid nitrogen immediately after centrifugation. The cell pellet was 
stored at -80℃ till further analysis. 2 cell pellets was taken for each sample. 
Free microcystin extraction: One cell pellet was used to extract metabolites using 
80% methanol as described in Section 3.5.1. 
Protein binding microcystin extraction: The other cell pellet will be used in 
protein extraction using protein extraction buffer. The protein extraction buffer used 
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was 50 mM Tris-HCl pH 7.8 containing 1 mM EDTA supplemented with Complete 
Mini Protease Inhibitor Cocktail (Roche) following the manufacturer’s instructions. 
The extraction process was the same as the 80% methanol method. 600µl of the 
protein extracts was diluted with water and the final volume was made to 6 ml. 4 ml 
of diluted extracts was taken and added into a Microsep
TM
 3k filter (PALL 
Corporation), centrifuged at 7500g for 30 min at 4℃. Both the unfiltered sample and 
the flow through were collected for further analysis. The protein extraction buffer 
extracts both free and protein binding microcystin. Most protein binding microcystin 
is removed by 3k filter, which is capable of removing proteins with molecular weight 
higher than 3 kDa. Therefore, the microcystin concentration difference between the 
unfiltered and filtered samples is the estimated protein binding microcystin amount. 
Microcystin ELISA: The free and protein binding microcystin concentrations 
were measured by ELISA. The ELISA experiment was conducted using a microcystin 
(ADDA) ELISA kit (Abraxis, USA) following the manufacturer’s instructions. All 80% 
methanol extracts was diluted in 10,000 times before analysis. Protein extracts before 
and after filtration was diluted in 1000 times (because it has been diluted 10 times 
before filtration). The experiment was performed with 5 bio-replicates. The ELISA 
analysis was performed with the assistance of Ms. Megha and Mr. M. C. S. Vinay 
Kumar. 
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4 RESULTS AND DISCUSSION 
4.1 Creating environmental perturbations to microcystin 
biosynthesis 
4.1.1 Establishment of growth conditions for M. aeruginosa PCC 7806  
The growth condition of PCC 7806 was standardized based on reference (Ginn et 
al. 2010). Based on the performance under a few different light conditions, PCC 7806 
was finally cultured using BG11 medium without shaking in Erlenmeyer flasks with 
continuous lighting at 30 μmol photons m-2s-1 and at a constant temperature of 23℃. 
Cell density was monitored as optical density at 730 nm. The growth curve of PCC 
7806 under this standardized laboratory condition and the correlation between cell 
number and OD730 are shown in Fig. 4-1. PCC 7806 has a quite long doubling time 
(more than 3 days), and it takes around 20 days for the culture to reach stationary 
phase. This is in agreement with previous report about Microcystis doubling time as 
long as 1.5-5.2 days (Wilson et al. 2006). 
  







Fig. 4-1. The growth curve of Microcystis aeruginosa PCC 7806 and the 
relationship between cell number and OD730.(A) The growth curve of Microcystis 
aeruginosa PCC 7806. (B) The relationship between cell number and OD730. 
Microcystis aeruginosa PCC 7806 was grown in BG11 medium with continuous 
lighting (30 μ mol photons m-2s-1) at 23℃. Cell number per ml was counted by using 
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4.1.2 High light up-regulates mcy gene expression 
Light intensity and nitrogen concentration in the medium are two reported 
environmental factors that affect mcy gene transcript level. Experiment was designed 
to treat the PCC 7806 culture with different light intensities and nitrogen 
concentrations in medium to determine their effects on mcy gene expression levels 
and obtain parameters to be used for future experiments.  
Selection of three different light intensities. Previously, it was found that there 
were two light thresholds at which a significant increase in mcyB and mcyD 





 ) and medium (31 μ mol photons m-2s-1), and the other between 
medium (31 μ mol photons m-2s-1) and high light (68 μ mol photons m-2s-1) intensity. 
Based on this, we have selected 3 different light intensities to treat the Microcystis 





 till late log growth phase (OD730 ~ 0.65).  The culture was then 
subjected to treatment with low, medium, and high light conditions for 6 hours. Low, 





, and 66 μ mol photons m-2s-1, respectively. The three light conditions are 
designated as L1 (low light), L2 (medium light), and L3 (high light) throughout the 
study. 
Effects of light intensity on mcyA gene transcript abundance. Quantitative 
real-time PCR (qRT-PCR) was performed to analyze the transcription levels of mcyA 
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using rpoC1 gene as housekeeping gene. It was found that mcyA transcript level was 
elevated by increasing light intensity (Fig. 4-2A). This effect of light takes place 
quickly (within 10 minutes) after introducing high light intensity to the cyanobacterial 
culture (Fig. 4-2B). 










































Fig. 4-2. Effect of light intensity on mcyA gene transcript levels.(A) Transcript 
abundance of mcyA gene after treatment with different light intensities for 6 hours. L1: 
Low light (16 μ mol photons m-2s-1), L2: medium light (30 μ mol photons m-2s-1), L3: 
high light (66 μ mol photons m-2s-1). M. aeruginosa was grown in BG11 medium with 
continuous lighting at 30 μ mol photons m-2s-1 till late log growth phase (OD730 ~ 
0.65).  The culture was then subjected to treatment with low, medium, and high light 
conditions for 6 hours before cells were harvested. (B) Transcript abundance of mcyA 
gene after treatment with high light intensities for 10 minutes and 6 hours. Transcript 
abundance of mcyA gene was described as mcyA:rpoC1 ratio. Values are mean ± SE 
of three biological replicates. Asterisks denote means that are statistically different 
between control (L2 in A, T=0 in B) and treatment (P < 0.05). The values were 
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4.1.3 High nitrogen down-regulates mcy gene expression 
Selection of 3 different nitrogen concentrations. BG11 medium is a nitrogen rich 
medium (Madan and Nierzwickibauer 1993) that is used as a benchmark in 
cyanobacterial cultures (Ernst 1991, Katoh et al. 1996). We, therefore, set the high 
nitrogen concentration the same as in BG11 medium (1.5g NaNO3/L). For medium 
and low nitrogen concentrations, we set them at half (0.75 NaNO3/L) and a quarter 
(0.375 NaNO3/L) of the nitrogen concentration in original BG11 medium, 
respectively. These are designated as N1 (low nitrogen), N2 (medium nitrogen), and 
N3 (high nitrogen) throughout the study. 
Microcystis aeruginosa PCC 7806 cells were grown in batch culture with BG110 
medium (BG11 medium without nitrogen source) supplemented with 0.375g 




) to late log phase 
(OD730 ~ 0.65). Sodium nitrate stock solution (0.12g NaNO3 g/ml) was then added to 
the culture to give medium and high nitrogen shock to the culture. After 6 hours, 
Microcystis aeruginosa cells were harvested for RNA extraction. 
Effects of nitrogen availability on mcyA transcript abundance. The transcript 
level of mcyA gene decreased in a nitrogen dependent manner (Fig. 4-3). These trends 
are consistent with those of mcyB levels for cultures that were exposed continuously 
for 28 days with the same levels of nitrogen in previous report (Ginn et al. 2010). 
Interestingly, despite only 6 hour exposure to varying N levels, the fold changes are 
similar to those of continuous exposure. This similarity of brief and long exposure 
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could either be coincidental or because mcy gene inhibition could be rapid to initiate, 
and maintained for a long period once initiated. 









































Fig. 4-3. Effect of nitrogen shock on mcyA gene transcript levels. (A) Transcript 
abundance of mcyA gene after treatment with different nitrogen concentration for 6 
hours. N1: Low nitrogen (0.375g NaNO3/L), N2: medium nitrogen (0.75g NaNO3/L), 
N3: high nitrogen (1.5g NaNO3/L). Microcystis aeruginosa PCC 7806 cells were 
grown in batch culture with BG110 medium (BG11 medium without nitrogen source) 





) to late log phase (OD730 ~ 0.65). Sodium nitrate stock solution (0.12g NaNO3 
g/ml) was then added to the culture to give medium and high nitrogen shock to the 
culture for 6 hours before cells were harvested. (B) Transcript abundance of mcyA 
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abundance of mcyA gene was described as mcyA:rpoC1 ratio. Values are mean ± SE 
of three biological replicates. Asterisks denote means that are statistically different 
between control (N1 in A, T=0 in B) and treatment (P < 0.05). The values were 
adjusted by making the lowest value to be 1 in each plot.  
The change in mcy gene transcription caused by nitrogen was less significant 
compared to that caused by light, and the effect of nitrogen took place after 6 hours. 
In comparison to the changes in mcy expression induced by nitrogen, the light induced 
changes are in the opposite direction (positively correlated with light intensity) and 
are of higher magnitude. In the next experiment, therefore, we addressed whether 
responses to these two parameters are linked or independent. 
 
4.1.4 Effects of light and nitrogen in combinations on microcystin production in 
Microcystis aeruginosa PCC 7806 
To study whether light- and nitrogen- induced changes in mcy gene expression 
and microcystin production are linked or independent, PCC 7806 culture was exposed 
for 6 hours to 8 combinations of varying light and nitrogen levels (Table 3-1). The 
RNA profiles were then obtained using microarray hybridization approach and the 
microcystin levels were measured by using LC/MS. 
The mcy gene expression. Microarray analysis was conducted after 6 hours of 
environmental perturbations using 8 combinations of light and nitrogen. The effects of 
light and nitrogen discovered by qRT-PCR were supported by the microarray data. 
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Both mcyA and mcyD gene transcript level were up-regulated by light and 
down-regulated by nitrogen (Fig. 4-4A). Other genes in mcy gene cluster also 
followed a similar trend (data not shown).  
Based on microarray hybridization approach, mcy gene expression overall 
followed the same trends as those from qRT-PCR results reported above. However, 
the highest fold changes between the 3 light levels (when averaged over the nitrogen 
levels) were only 2.5-fold, compared to those from qRT-PCR, which had provided a 
higher 5–fold difference. Similarly, highest effect of nitrogen (averaged over different 
levels of light) was only 1.2-fold based hybridization approach, and 1.7-fold based on 
qRT-PCR approach. These results show higher sensitivity of qRT-PCR over 
hybridization approach, which has been well established based on many other reports 
(Raitoharju et al. 2013). 
Specifically, highest mcy gene transcript level was found in L3N1 condition, 
which has the highest light intensity and the lowest nitrogen concentration, and the 
lowest mcy gene transcript level was found in L1N3 condition, corresponding to the 
lowest light intensity and the highest nitrogen concentration. These results suggest 
that possibly the two environmental parameters affect mcy expression through 
independent mechanisms, because had there been an interaction among these factors, 
mcy expression would have followed the more dominant factor. As the fold changes 
in none of the combinations were very drastic, it also rules out possible synergistic or 
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inhibitory interactions. This potential independent mechanism of light and nitrogen on 
mcy expression is studied in more detail using the systems level data in Section 4.3. 
Microcystin concentration in metabolite extracts. To test whether microcystin 
concentration in Microcystis aeruginosa PCC 7806 metabolite extracts is also affected 
by the two environmental factors, LC/MS analysis was conducted using Q-ToF 
LC/MS machine. Environmental perturbations were performed using the same 8 
conditions as above with an addition of L1N1 (low light and low nitrogen) and two 
additional exposure durations (12 hours and 24 hours) in addition to 6 hours. 
In contrast to mcy RNA levels, relative levels of microcystin-LR, the major toxin 
variant in Microcystis aeruginosa PCC7806, did not change after exposure to 
different levels of light or nitrogen. Microcystin at metabolite level in methanol 
extracts seems to be quite consistent despite different environmental perturbations 
even after long exposure of 24 hours (Fig. 4-4C). Optical density of the culture was 
assured not to be altered significantly after 24 hour environmental perturbations. The 
doubling time of PCC 7806 is more than 3 days based on the growth condition used in 
this study, and cell division would not have taken place for most cells during the 
environmental perturbation. Hence, the “cellular microcystin concentration” per cell 
in 80% extracts seems to be stable after environmental perturbations. 
As the major variant microcystin-LR form did not change after environmental 
perturbations, we next asked whether another microcystin variant might be under the 
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influence of these environmental conditions. Hence, we tested the levels of 
microcystin [Dasp3]-LR. This variant did not show significant trends in its levels as 
well (Fig. 4-4D). In a separate study, we have shown that microcystin-LR and 
microcystin [Dasp3]-LR are the 2 variant forms in PCC 7806 (Benke et al. 2015). 
This lack of concordance between RNA and toxin levels (Fig. 4-4B) suggests either 
that there’s a tight post-transcriptional control on toxin levels, or that the toxin exists 
in forms other than the free pools that we analyzed here. We returned to this anomaly 
later in Section 4.4, where we report the total microcystin levels.   

















































































































































Fig. 4-4. Effects of light and nitrogen combinations on mcy gene expression and 
microcystin concentration in methanol extracts.(A) Microarray data showing trend 
of mcyA and mcyD gene expression. Values are mean ± SE of three biological 
replicates. Asterisks denote values that are statistically different between control 




, 0.375 gNaNO3/L) and treatment (P < 0.05). (B) 
Discrepancy between microcystin-LR level and mcyA gene transcript level 6 hours 
after environmental perturbations. (C) Microcystin-LR level in metabolite extracts 
after 6, 12, and 24 hour environmental perturbations. (D) Microcystin D-Asp3-LR 
level in metabolite extracts after 6, 12, and 24 hour environmental perturbations. 
Values are mean ± SE of four biological replicates. A complete list of all sample 
names and environmental conditions are presented in Table 3-1. 




Cyanobacteria, among the oldest known photo-autotrophic organisms, hence 
they are known to have well developed light regulatory pathways, among which 
microcystin genes seem to be one category. Like many metabolic pathways in 
cyanobacteria, microcystin biosynthesis pathway is up-regulated by light (Fig. 4-2), 
and almost all previous studies agreed on that light can up-regulate mcy gene 
expression. As a photosynthetic organism, Microcystis aeruginosa depends on light 
for energy and food. Therefore, it is reasonable for secondary metabolite biosynthesis 
pathways, which require energy and material, to be enhanced when light intensity is 
high, and reduced when light intensity is low. 
However, too high light intensity is harmful for the growth of cyanobacteria. 
Compared to plants, e.g., Arabidopsis thaliana, M. aeruginosa uses much lower light 









 light. We 
tried to grow M. aeruginosa using a normal plant growth chamber with light intensity 




, but the culture showed pigment bleaching effect 
and died after exposure, suggesting that cyanobacteria may be more susceptible to 
photo-oxidative stress than plants. Therefore, the highest light intensity used in this 





Microcystins are non-ribosomal peptides synthesized from selected amino acids. 
Nitrogen is an important material for its synthesis, and therefore, it is not surprising 
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that nitrogen also affects mcy expression. However, surprisingly, our results showed 
that higher nitrogen concentration in the medium reduced the mcy gene transcript 
abundance (Fig. 4-3), agreeing with the previous report using much longer time of 
nitrogen treatment (Ginn et al. 2010). This result might be confusing because higher 
nitrogen concentration is often found associated with cyanobacterial blooms and high 
toxin concentrations in natural environment. However, the nitrogen concentration 
used in this study (0.06-0.25 gN/L) is much higher than that in natural environment 
(0.002 gN/L in highly eutrophicated lake Taihu) (McCarthy et al. 2007). The reason 
why we utilized such high nitrogen concentration is to maintain the high growth rate 
and fast proliferation of M. aeruginosa in the laboratory environment. This excessive 
nitrogen shock has led to down-regulation of mcy gene transcription probably because 
under high nitrogen conditions, nitrogen is no longer a limiting factor for cell growth 
and microcystin production. Moreover, excessive nitrogen may have triggered some 
mechanism in reducing the mcy gene expression. This, however, may not be 
necessarily true in the low nitrogen range, when nitrogen is still a limiting factor for 
microcystin production. 
Interestingly, although changes in the mcy gene transcription happened after 
environmental perturbations, the microcystin concentration observed in the metabolite 
extracts is quite constant (Fig. 4-4). There can be two explanations for the discrepancy 
between mcy gene expression and microcystin level. One is that there may be 
significant post translational effect. The other explanation is that there may be another 
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pool of microcystin, which was not detected by using 80% methanol extraction and 
LC/MS method. The following experiment results favored the latter explanation. 
 
4.2 Microcystis aeruginosa PCC7806 genome annotation 
4.2.1 Functional prediction in the revised annotation effort 
A microarray previously designed for Microcystis aeruginosa PCC 7806 (Straub 
et al. 2011) was used for gene expression analysis, and the gene annotation was 
improved to cover more genes. In total, the microarray covers 5085 ORFs (96% of the 
protein coding genes). Initial gene annotation file was provided by Dr. Quillardet, 
France. In the initial gene annotation, 2750 ORFs were assigned with a function, and 
the rest 2335 ORFs remained unknown. Based on the initial gene annotation, we 
made an additional effort to annotate the 2335 “Unknown” genes. 
In brief, similarity search was performed against the 2013 version of National 
Center for Biotechnology Information-Non Redundant protein sequence database 
(NCBI-nr), Pfam database (v 27.0), and the Kyoto Encyclopedia of Genes and 
Genomes database (2013) (KEGG) (with e-value cut-off at 1x10-5). Similarity search 
of all CDS were done against the NCBI-nr protein database and KEGG using 
BLASTp, with an e-value cut off at 1e-5 and at least 70% CDS alignment length and 
30% amino acid identity. Putative cds were also searched against the Pfam-A 
database using HMMER v3.0, with an e-value cut off at 1e-5.  
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A summary of the number of genes given a functional prediction in the revised 
version of gene annotation for M. aeruginosa PCC 7806 was shown in Fig. 4-5. The 
search results were filtered to remove hit subjects annotated as “hypothetical protein” 
or “protein with unknown function”. A total of 979 genes (42% of the 2335 unknowns) 
were given a functional assignment in one or more of the above-mentioned databases, 
and the rest 1356 gene functions remained unknown. 
 
Fig. 4-5. Summary of the number of genes given a functional prediction in the 
revised annotation effort. Microcystis aeruginosa PCC7806 microarray comprising 
5085 genes was designed as described by Straub et al. (2011). Among the 5085 genes, 
2750 were assigned with a function in previous study (Straub et al. 2011). In our 
additional annotation effort, a total of 979 genes (42% of the 2335 unknowns) were 
given a functional assignment in one or more of the databases, and the rest 1356 gene 
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There is a good agreement in the assigned gene functions among the 3 databases. 
For example, 7 genes are identified as ATPase, and this is agreed in almost all search 
results (Table 4-1). The agreement among 3 databases is also reflected in other gene 
functional groups. 
Table 4-1. Genes assigned to ATPase functional group by the improved 
annotation effort showing good agreement among the 3 databases. 
IPF NCBI-nr Pfam KEGG  
IPF_2859 ATPase AAA ATPase domain ATPase 




IPF_959 ATPase AAA AAA-like domain ATPase AAA 
IPF_2683 Archaeal ATPase 
family protein 











ATPase involved in 
chromosome 
partitioning 
IPF_1903 ATPase-like protein  AAA-like domain ATPase-like protein 
IPF_4170 ATPase-like protein AAA domain ATPase-like protein 
 
There are 324 genes for which gene function was found in all 3 databases 
(KEGG, NCBI-nr, and Pfam). Further study of the 324 genes revealed that most of 
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the newly annotated genes belong to transposase or putative transposase (44 genes). 
Other functional groups with more than 5 genes assigned to include plasmid 
maintenance or stabilization system protein, ATPase, etc (Fig. 4-6). Interestingly, we 
found some genes in M. aeruginosa similar to genes encoding prevent host death (phd) 
family proteins. These genes were reported in bacteriophage to prevent the host death 
and maintain a prophage state (Lehnherr et al. 1993). A full list of the 324 genes are 
presented in Appendix I. 
 
Fig. 4-6. Genes for which function has been found in all 3 databases (KEGG, 
NCBI-nr, and Pfam).There are 324 genes for which function has been found in all 3 
databases. Most of the newly annotated genes are transposase or putative transposase 
(44 genes). Other functional groups with more than 5 genes assigned to include 
Plasmid maintenance or stabilization system (9 genes), ATPase (7 genes), Glycosyl 
transferase (6 genes), Radical SAM (5 genes), CRISPR associated protein (5 genes), 
Pentapeptide repeat protein (5 genes), Prevent host death family (5 genes), and 















repeat protein, 5 
Prevent host 
death family, 5 
Serine/threonine 
kinase, 5 




In the 2011 version gene annotation file (Dr Quillardet, France), search has been 
made through UniProt, KEGG, COG, and BioCyc databases. Excluding no similarity 
(no similar genes were found in all the databases) and unknown genes (similar genes 
were found, but the similar genes were also unknown), 54.1% of the genes were 
annotated. We improved the Microcystis aeruginosa PCC 7806 genome annotation 
from 54.1% to 74.3% by searching updated databases in 2013. After removing 
unknown and hypothetical proteins, most gene functions were found in 3 databases 
(KEGG, Pfam, and NCBI-nr). Among the newly annotated genes, 44 were 
transposases. Together with the 353 transposase genes previously annotated in 2011, 
there are at least 397 genes (7.8% of the protein coding genes) with transposase 
functions in the Microcystis aeruginosa PCC 7806 genome. Cyanobacteria were 
reported to exchange genetic materials to keep the stability of morphological 
characters during the long evolution time(Rudi et al. 1998). Moreover, M. aeruginosa 
has the highest abundance of insertion sequence (IS) elements (10.85% of the genome 
for NIES-843 and 8.98% of the genome for PCC 7806) among 12 cyanobacterial 
species (Lin et al. 2011). Interestingly, we have also found genes in M. aeruginosa 
genome similar to the genes in bacteriophage encoding prevent host death family 
proteins, suggesting bacteriophage may have played a role in the gene insertion events 
during the evolution. 
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4.3 Analysis of gene expression profiles of Microcystis 
aeruginosa during environmental perturbations 
4.3.1 Variation of the M. aeruginosa gene expression profile after light and 
nitrogen treatment 
Gene expression microarray was performed using total RNA after environmental 
perturbations. To analyze the variability in gene expression caused by light and 
nitrogen and to test interactions between the two factors, permutational analysis of 
multivariate variance (PERMANOVA) was performed using Primer 6 (Nethercott et 
al. 2013). PERMANOVA result (Table 4-2) revealed that most of the variation was 
cause by light (58.0%) and nitrogen (12.9%), and little was due to interaction between 
the two factors (1.0%). These results indicate that light and nitrogen work 
independently in affecting the Microcystis aeruginosa PCC7806 gene expression 
profile and light is a stronger factor compared to nitrogen. 
Table 4-2. Estimates of components of variation for microarray data 
(PERMANOVA result)  
Source Estimate Percentage p value 
V(Light) 424.79  58.0% 0.001 
V (Nitrogen) 94.742 12.9% 0.001 
V (Light x Nitrogen) 7.0435 1.0% 0.297 
V (Residual) 206.12 28.1%  
Total 732.70 100%  
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Hierarchical clustering of samples based on gene expression profile also showed 
that samples were clustered mainly by light condition (Fig. 4-7A). All samples treated 
with high light are similar to each other, and both samples treated with low light are 
clustered together.  
Among the total 5085 genes, 781 genes showed a trend of up-regulation by light 
including all mcy genes (Fig. 4-7B). Those genes showed a red color in the heat map 
in samples treated with high light (L3). 1880 genes showed a trend of 
down-regulation by light and showed a red color in samples treated with low light (L1) 
(Fig. 4-7C). The rest 2424 genes showed no clear trend across different environmental 
conditions (Fig. 4-7D). A complete list of all sample name and environmental 
conditions is presented in Table 3-1.  
These results showed that the gene expression profile of M. aeruginosa is mainly 
affected by light, rather than by nitrogen. About half (47.7%) of the genes were not 
clearly up- or down- regulated by light. 37% of the genes were down-regulated by 
light, and 15.4% of the genes were up-regulated by light. Although the number of 
genes down-regulated by light was more than 2 times of that up-regulated by light, all 
mcy genes were in the cluster up-regulated by light, suggesting light has a specific 
effect on mcy genes expression. 
 




-1.2          0          1.2 
 
Fig. 4-7. Microarray profiling of Microcystis aeruginosa PCC7806 after 
environmental perturbations.(A) Hierarchical clustering analysis of samples. Signal 
intensities were averaged for triplicates. Red color indicates high signal intensities; 
black color indicates medium signal intensities; green color indicates low signal 
intensities. (B) 781 genes showing a trend of up-regulation by light including all mcy 
genes (K mean clustering). (C) 1880 genes showing a trend of down-regulation by 
light (K mean clustering). (D) Gene expression of 2424 genes showing no clear trend 
across different environmental conditions (K mean clustering). A complete list of all 
sample name and environmental conditions is presented in Table 3-1. 
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To test the variation of gene expression profiles caused by single factor (light or 
nitrogen), we performed pairwise PERMANOVA test by fixing one factor, either 
light or nitrogen, and studied the variation of the gene expression profile caused by 
varying the other factor (Fig. 4-8). The most number of differential genes happened 
between condition L1N2 and L2N2 (985 genes), suggesting shifting from medium to 
low light intensity when fixing medium nitrogen concentration caused a drastic 
change to the Microcystis gene expression. Least number of differential genes were 
found between L3N2 and L3N1 (18 genes), suggesting under high light conditions, 
nitrogen concentration change in the medium does not affect the gene expression 
much. 
 
Fig. 4-8. Pairwise PERMANOVA showing the significant difference between 
transcriptomic profiles between samples and number of differential genes. Gene 
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expression profiles (microarray data) were compared between both light and nitrogen 
conditions using the PERMANOVA add-on in PRIMER v6.For pairwise 
PERMANOVA test, one factor, either light or nitrogen was fixed, and the variation 
caused by the other factor was analyzed. Significant difference in gene expression 
profile is represented by p value less than 0.05 (green color). The number shows 
number of up- or down-regulated genes (condition on the first column vs. condition 
on the top row) with a fold change higher than 1.5, and p value less than 0.05. 
Variation cause by light. The distance between samples was also compared. 
Light caused significant variation in the gene expression of M. aeruginosa under all 
nitrogen conditions (Table 4-3). Only between low and medium light under high 
nitrogen conditions are not significantly different. The biggest variation (maximum 
distance) between conditions was observed when fixing the nitrogen concentration to 
be high, and varying the light intensity from low to high.  
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Table 4-3. Bray-Curtis distance matrix showing variation caused by light.  
Bray-Curtis distance matrix for pairwise PERMANOVA between/within conditions 
when fixing nitrogen concentration. (A) Average distance between/within groups 
under high nitrogen condition (N3: 1.5g NaNO3/L). (B) Average distance 
between/within groups under medium nitrogen condition (N2: 0.75g NaNO3/L). (C) 
Average distance between/within groups under low nitrogen condition (N1: 0.375g 
NaNO3/L). Asterisks denote an insignificant difference (P >= 0.05)A  High nitrogen 
 L3 L2 L1 
L3 16.45   
L2 33.388 25.509  
L1 48.006 32.694* 22.01 
 
B  Medium nitrogen 
 L3 L2 L1 
L3 18.488   
L2 29.742 16.615  
L1 44.658 30.4 18.143 
 
C  Low nitrogen 
 L3 L2 
L3 20.412  
L2 27.8 17.751 
 
 Variation cause by nitrogen. Nitrogen caused significant variation in the gene 
expression of M. aeruginosa only under high and low light conditions (Table 4-4). 
Under medium light conditions, the gene expression profile is not significantly 
affected by nitrogen, and therefore the distances between samples with medium light 
is not presented. The biggest variation (maximum distance) caused by nitrogen was 
observed when fixing the light intensity to be low, and varying the nitrogen 
concentration from medium to high.  
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Table 4-4. Bray-Curtis distance matrix showing variation caused by nitrogen.  
Bray-Curtis distance matrix for pairwise PERMANOVA between/within conditions 
when fixing light intensity. (A) Average distance between/within groups under high 




). (B) Average distance between/within 




). Asterisks denote an 
insignificant difference (P >= 0.05). 
A  High light 
 N3 N2 N1 
N3 16.45   
N2 21.938* 18.488  
N1 26.719 20.635* 20.412 
 
B  Low light  
 N3 N2 
N3 22.01        
N2 27.22 18.143 
 
4.3.2 Responses in gene expression to shifts in environmental perturbations 
To understand the cyanobacterial response to environmental perturbations and 
the associated cellular resource partitioning, we studied differential genes up or 
down-regulated by light and nitrogen.  
Differential genes caused by light. Under medium nitrogen condition, there were 
839 genes up-regulated (fold change ≥1.5, p value≤ 0.05) when shifting from low to 
medium light, and 191 genes up-regulated when shifting from medium to high light 
(Fig. 4-9A). The number of genes up-regulated during the shift from low to medium 
light were four times higher than those happened during the shift from medium to 
high light, indicating that from low to medium light, there’s a significant cellular 
response and a drastic change in the gene expression profile. Interestingly, only 61 
                                        RESULTS AND DISCUSSION 
79 
 
differential genes were in common between the shift from low to medium and the 
shift from medium to high light. These 61 genes represent genes that are continuously 
up-regulated by light from low to high light condition. 
Among the 61 genes that were up-regulated by light, 37 of them were mapped to 
KEGG pathways. Most of them belong to ribosome, biosynthesis of secondary 
metabolites, and biosynthesis of amino acids (Fig. 4-9C), suggesting cell growth is 
continuously enhanced when increasing light, and extra cell resources are 
continuously moved to secondary metabolite biosynthesis. 
Under medium nitrogen condition, 146 genes were down-regulated during the 
shift from low to medium light (fold change ≥1.5, p value≤ 0.05), and 192 genes 
during the shift from medium to high light (Fig. 4-9B). Between the two shifts, only 
35 genes were in common, indicating, again, that most differential genes happened 
either only specific to the shift from low to medium light or specific to the shift from 
medium to high light. 
Among the 35 genes continuously down-regulated by light, unfortunately, only 
11 were annotated and no pathway with at least 3 genes was identified. We were not 
able to improve the identification of those unknown genes down-regulated by light 
even by searching the updated database (as in Section 4.2). The large number of 
un-annotated genes down-regulated by light suggests that there is a lack of knowledge 
about genes and pathways down-regulated by light in cyanobacteria. It also suggests 
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that compared to genes/ pathways up-regulated by light, genes/ pathways 
down-regulated by light were less studied. 
Differential genes caused by nitrogen. In contrast to the effect of light, there 
were much fewer differential genes caused by nitrogen concentration change. When 
light is at medium level (L2), there were only 5 genes up-regulated (fold change ≥1.5, 
p value≤ 0.05) when shifting from low to medium nitrogen, and 26 genes 
up-regulated when shifting from medium to high nitrogen. 49 genes were 
down-regulated (fold change ≥1.5, p value≤ 0.05) when shifting from low to medium 
nitrogen, and 65 genes were down-regulated when shifting from medium to high 
nitrogen. No gene was found continuously affected by nitrogen during the shift from 
low to high nitrogen. Therefore, we decided to study the differential genes happened 
during the shift from medium to high nitrogen when more differential genes were 
found. 
In total, 29 of the 91 differential genes were annotated and mapped to KEGG 
pathways, and pathways with at least 3 differential genes were plotted (Fig. 4-9D). 
Most differential genes caused by nitrogen shock were related to protein folding and 
associated processing, suggesting nitrogen availability is affecting the protein 
biosynthesis in the cell. Nitrogen is also found to perturb the sporulation, purine 
metabolism, aminosugar metabolism, lipopolysaccahride biosynthesis, folate 
biosynthesis and sulfur metabolism. The results suggest that nitrogen shock could 
perturb multiple inter-connected processes in cyanobacterial cells. 
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Fig. 4-9 Pathways affected by light and nitrogen revealed by the microarray data. 
(A) (A) Number of genes up-regulated by light during the switch from low to medium 
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medium level (N2). (B) Number of genes down-regulated by light during the switch 
from low to medium and from medium to high light (fold change ≥1.5, p value≤ 0.05) 
when nitrogen is at medium level (N2). (C) Pathways continuously up-regulated by 
light during the change from low to high light intensity when nitrogen is at medium 
level (N2). (D) Pathways affected by nitrogen during the shift from medium to high 
nitrogen. The number above the column indicates the number of differential genes 
(fold change ≥1.5, p value≤ 0.05). 
 
4.3.3 Pathways correlated with mcy genes during environmental perturbations  
Since mcy genes’ expression is up-regulated by light intensity and 
down-regulated by nitrogen concentrations in the medium, we try to figure out genes 
co-expressed with mcy genes. These genes are co-expressed with mcy genes across 
different environmental conditions, and therefore, are likely to be co-regulated with 
mcy genes by the same environmental factor. Knowledge to these genes can suggest 
pathways closely related to the microcystin biosynthesis pathway.  
Gene expression microarray data were analyzed using GeneSpring 12.6, and 
genes correlated with mcyA and mcyD genes across all 8 environmental conditions 
(Spearman correlation coefficient > 0.95) were exported and studied in detail. In total, 
394 genes were found correlated with mcyA and mcyD across different environmental 
conditions (Spearman correlation coefficient > 0.95). Among these genes, 184 genes 
were able to be mapped to KEGG pathways; 130 genes were given functional group 
names based on gene annotations by other databases; and the rest 80 were unknown 
genes. Pathways/ gene functional groups signiﬁcantly enriched in comparison with 
their relative abundance in the genome are presented in Fig. 4-8. Only pathways/ 
functional groups that have at least 3 genes and are enriched with a p value (Fisher’s 
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exact test) <0.05 were shown. See Table 4-5 for the complete list of pathways and 
Appendix II for a complete list of genes co-expressed with microcystin biosynthesis 
pathway. 
enrichment (%)















Genes correlated with mcyA and mcyD
Genome
 
Fig. 4-10. Pathways/ gene functional groups signiﬁcantly enriched in genes 
correlated with mcyA and mcyD genes in comparison with their relative 
abundance in the genome.394 genes were found correlated with mcyA and mcyD 
across all 8 environmental conditions (Spearman correlation coefficient > 0.95). 
Among these genes, 184 genes were mapped to KEGG pathways; 130 genes were 
given functional group names based on gene annotations by other databases; and the 
rest 80 were unknown genes. Only pathways/ functional groups that have at least 3 
genes and are enriched with a p value (Fisher’s exact test) <0.05 were shown. See 
Table 4-5 for the complete list of pathways and Appendix II for the complete list of 
genes. 
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Table 4-5. Pathways/ functional groups of the genes correlated with mcyA 
and mcyD across different environmental conditions.  Microarray data 
analysis was performed using GeneSpring 12.6 software (Agilent). Genes correlated 
with mcyA and mcyD across different environmental conditions (Spearman correlation 
coefficient > 0.95) were exported from GeneSpring and classified into KEGG 
pathways or functional groups. Only pathways/ functional groups that have at least 3 
genes and are enriched with a p value (Fisher’s exact test) <0.05 were shown. 








00061 Fatty acid biosynthesis 0.26 2.03 5.89E-05 
00190 Oxidative phosphorylation 0.88 2.28 1.38E-02 
00240 Pyrimidine metabolism 0.41 1.27 3.51E-02 
00260 Glycine, serine and 
threonine metabolism 
0.31 1.78 8.41E-04 
00410 Beta-Alanine metabolism 0.04 0.51 2.81E-02 
00520 Nucleotide sugars 
metabolism 
0.16 0.76 3.95E-02 
00530 Aminosugars metabolism 0.18 1.52 3.81E-04 
00730 Thiamine metabolism 0.16 0.76 3.95E-02 
00750 Vitamin B6 metabolism 0.06 0.51 4.46E-02 
02010 ABC Transporters 2.40 5.08 2.64E-03 
04410 Cell division 0.45 1.52 1.53E-02 
Cyanopeptolin biosynthesis 0.12 1.02 3.90E-03 
Gas vesicle protein 0.28 1.27 9.38E-03 
Microcystin biosynthesis 0.20 2.28 2.27E-06 
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Microcystin biosynthesis pathway. 9 out of 10 mcy genes’ expression (except 
mcyH) was found to be correlated with either mcyA or mcyD. In the gene cluster, 
mcyA-C genes are transcribed in the same direction, and mcyD-J genes are transcribed 
in the opposite direction. The transcript level of mcyA and mcyD genes under all 8 
environmental conditions can be seen in Fig. 4-4A. This finding confirmed that 
almost all mcy genes are always co-expressed when light and nitrogen conditions 
change. Specifically, the expression of mcyB-C and mcyE-G genes correlates well 
with mcyD, while mcyI and mcyJ are found more similar to mcyA, which is 
unexpected because mcyI and mcyJ are located farthest from mcyA and transcribed to 
the opposite direction of mcyA. The only gene which does not correlate with mcyA or 
mcyD is mcyH. It does not mean that mcyH is independently transcribed from the mcy 
gene cluster. Indeed, the mcyH gene expression also follows similar trend to that of 
other mcy genes, which is up-regulated by light and down-regulated by nitrogen. The 
reason why mcyH did not appear in the correlated gene list was probably because the 
correlation coefficient did not pass the 0.95 threshold during the correlation analysis. 
Cyanopeptolin biosynthesis pathway. The only secondary metabolite 
biosynthesis pathway found to correlate with microcystin biosynthesis is 
cyanopeptolin biosynthesis pathway. Cyanopeptolin is also a non-ribosomal peptide 
widely produced by cyanobacteria. Its producers include Anabaena, Microcystis, etc, 
and more than 80 variants of cyanopeptolin have been found (Welker and von Dohren 
2006). Co-existence of microcystin and cyanopeptolin has been found in Microcystis 
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strains, and several studies proved that cyanopeptolin is an inhibitor for serine 
protease, e.g., chymotrypsin (Murakami et al. 1997, Tooming-Klunderud et al. 2009). 
During environmental perturbations, 4 out of 6 mcn genes (cyanopeptolin synthetase) 
correlate with mcy genes. The highly similar expression pattern of mcy and mcn gene 
cluster during environmental perturbations suggests that the function and regulation of 
microcystin and cyanopeptolin production in cyanobacterial cells are likely to be 
closely related. We have studied the level of cyanopeptolin level in Microcystis cells 
after environmental perturbation by LC/MS, and found that its concentration followed 
similar pattern to that of microcystin (Fig. 4-11). Although gene expression is clearly 
enhanced by light, the cyanopeptolin level in the cell seems to be unchanged. 
 
Fig. 4-11. Cyanopeptolin level in metabolite extracts after 6, 12, and 24 hour 
environmental perturbations.Values are mean ± SE of four biological replicates. A 













































Fatty acid biosynthesis pathway. Fatty acid biosynthesis is another pathway 
found to correlate with microcystin biosynthesis pathway. There are, in total, 13 
annotated fatty acid biosynthesis genes (fab genes) in the Microcystis aeruginosa 
PCC 7806 genome. During environmental perturbations, 8 out of 13 fatty acid 
biosynthesis genes’ expression follow a trend the same as mcy genes. This result 
showed that microcystin and fatty acids are produced simultaneously, probably when 
the cell is in good health and has rich food resources and energy. 
Gas vesicle proteins. Interestingly, gas vesicle protein genes are also found to 
correlate well with microcystin biosynthesis pathway. 5 out 14 genes encoding gas 
vesicles proteins, including gvpA and gvpC, are similar to mcy genes in terms of 
expression pattern. Gas vesicles are structures providing buoyancy to cyanobacterial 
cells, allowing them to adjust their position in the water column, and thus to adjust the 
photosynthesis rate by light intensity. The gas vesicle walls are composed solely of 
proteins, and two main gas vesicle proteins are GvpA and GvpC (Miklaszewska et al. 
2012). Up-regulation of gas vesicles proteins makes the cell float on the water surface 
and receive more light for photosynthesis, and usually means the cell is healthy. It 
was reported that buoyancy regulation was influenced by cell nutrient status and 
associated with controls of total protein synthesis (Chu et al. 2007).  
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Other correlated pathways. Other genes correlate with mcy genes include ABC 
transporters, oxidative phosphorylation genes, and glycine, serine and threonine 
metabolism genes. ABC transporter system suggests the cell is actively transporting 
materials through the membrane for microcystin, cyanopeptolin and fatty acid 
biosynthesis. Glycine, serine and threonine metabolism pathway suggests that protein 
synthesis and metabolism may have played an important role in microcystin 
biosynthesis. In summary, microcystin biosynthesis pathway is co-expressed with 
many cell growth related pathways. 
4.3.4 Microcystin biosynthesis is accompanied by high oxidative stress  
Microcystin has been reported to be involved in the oxidative stress adaptation of 
cyanobacteria (Zilliges et al. 2011). It was reported that microcystin binds to proteins 
in cyanobacterial cells to protect those proteins from being degraded by reactive 
oxygen species (ROS). In this study, microarray data also suggest that when 
microcystin biosynthesis is enhanced, the cell is under oxidative stress conditions.  
As described in Section 4.1, L3N1 and L1N3 are the two extreme conditions 
when mcy gene transcription is promoted and inhibited, respectively. We studied 
differential genes between the two conditions and found that genes involved in 
oxidative stress and sulfur metabolism are differentially expressed between mcy gene 
transcription promotion and inhibition conditions. Gene sac1 and trx are up-regulated 
while cysK, cysteine synthase, is down-regulated under high microcystin production 
condition, suggesting the Microcystis cell is under oxidative stress and in shortage of 
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sulfur when microcystin production rate is high. Gene rbcL, encoding a protein 
reported to bind microcystins, is also up-regulated under mcy promotion condition 
(Fig. 4-12). The expression of these genes was confirmed by qRT-PCR as well. 
 
Fig. 4-12. High microcystin condition favors the expression of gene sac1, rbcL, 
and trx, while low microcystin condition favors the expression of gene cysK. 
Expression of genes under three environmental conditions (microarray data) was 
plotted. L3N1 (high light & low nitrogen): mcy gene transcription promotion 
condition; L1N3 (low light & high nitrogen), mcy gene transcription inhibition 
condition; L2N1 (medium light & low nitrogen), control condition. sac1, putative 
regulator critical for acclimation to sulfur-limited growth; trx, thioredoxin related; 
rbcL, large subunit of the universal carboxylating enzyme ribulose 1,5-bisphosphate 
carboxylase oxygenase (RubisCO), a protein reported to bind microcystins. cysK, 
cysteine synthase.  
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Sulfur deprivation response regulator (sac1) Gene sac1 is the putative sulfur 
deprivation response regulator critical for the cell’s acclimation to sulfur-limited 
growth. It is known to down-regulate photosynthesis in sulfur-limited conditions in 
green algae (Davies et al. 1996). Sulfur is an important material to produce 
glutathione, an oxidative stress defense compound in cyanobacteria. Under sulfur 
deprivation conditions, cells are likely to be susceptible to oxidative stress, and 
therefore down-regulate photosynthesis rate to control the damage by reactive oxygen 
species. SAC1 is a positive regulator critical for the activation of genes involved in 
scavenging and assimilating sulfur from the environment. It was reported that sac1 
knock-out mutant cells failed to down-regulate photosynthesis and died due to sulfur 
and oxidative stress caused by light (Davies et al. 1996). In our microarray 
experiment, sac1 is found to be co-expressed with mcy genes, and its expression level 
is higher under high microcystin condition, and the result is confirmed by qRT-PCR 
(Fig. 4-13A). Since the total amount of sulfur in the medium is not changed by the 
applied environmental perturbations, this result suggests that while the cyanobacterial 
cell is actively producing microcystin, the cell is probably under oxidative stress and 
need to utilize more sulfur or down-regulate photosynthesis. 
rbcR. The RuBisCo operon transcription regulator (activator) rbcR is part of the 
carbon assimilation pathway in cyanobacteria. RuBisCO (Ribulose-1,5-bisphosphate 
carboxylase/oxygenase), is an important enzyme catalyzing carbon fixation even 
under high carbon dioxide conditions. This protein is reported to be modified or 
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damaged by oxidative stress in plant chloroplasts (Desimone et al. 1996). RuBisCO 
protein is also reported to bind microcystin in cyanobacteria under oxidative stress 
(Zilliges et al. 2011). The expression of rbcR is light dependent, and is up-regulated 
under high light conditions (Fig. 4-13B). This may explain the coexpression of rbcR 
and mcy genes, and suggest that when microcystin is actively produced, the cell is 
also producing more RuBisCO protein. One explanation is that when RuBisCO 
protein is damaged by oxidative stress, and the cell is using 2 strategies to compensate: 
(i) to produce more RuBisCO protein and (ii) to produce more microcystin to bind 
and protect RuBisCO protein. 
cysK. Cysteine synthase was down-regulated under high microcystin production 
conditions. Since sulfur is required for cysteine biosynthesis, the down-regulation of 
cysteine synthase when microcystin is actively produced also suggests that the cell is 
under sulfur limiting condition and therefore has to reduce the cysteine production. 
Cysteine synthase gene was also found to be up-regulated by nitrogen (opposite to 
mcy genes) suggesting higher nitrogen availability enhanced cysteine and protein 
biosynthesis. 
  







Fig. 4-13. Two regulator gene sac1 and rbcR are correlated with mcy gene 
expression.(A) qRT-PCR results showing sac1, a putative regulator critical for 
acclimation to sulfur-limited growth, is co-expressed with mcyA gene. (B) qRT-PCR 
shows that the expression of rbcR, the RuBisCo operon transcription regulator 
(activator), is mainly up-regulated by light, and slightly down-regulated by nitrogen. 
 
4.3.5 Discussion 
Compared to nitrogen, light intensity is a major factor affecting the gene 
expression profile of Microcystis aeruginosa. Among all the protein coding genes 
(5085 genes), although more genes are down-regulated by light, all mcy genes were 
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up-regulated by light. This result indicates that the effect of light on mcy genes is not 
likely to be a random effect, and studying other pathways co-expressed with mcy 
genes may reveal useful information about the cellular response to changing 
environments. 
Specifically, other pathways correlated with microcystin biosynthesis in terms of 
gene expression profile across all the 8 environmental conditions applied in this study 
include: fatty acid biosynthesis, oxidative phosphorylation, pyrimidine metabolism, 
glycine, serine and threonine metabolism, beta-Alanine metabolism, nucleotide sugars 
metabolism, aminosugars metabolism, thiamine metabolism, vitamin B6 metabolism, 
ABC Transporters, cell division, cyanopeptolin biosynthesis, and gas vesicle protein. 
Some of the pathways are producing materials for cell growth, e.g., fatty acid 
biosynthesis, pyrimidine metabolism, cell division, and gas vesicle protein, suggesting 
the cell is not compensating growth when actively producing microcystin. Some of 
the pathways are related to stress defense, such as thiamine metabolism, vitamin B6 
metabolism, suggesting the cell is working to survive in stress condition.  
Only one secondary metabolite pathway was found correlated with microcystin 
pathway, i.e., cyanopeptolin biosynthesis. Interestingly, cyanopeptolin is a type of 
compounds showing some similarity to microcystin in structure, but the gene cluster 
locations in the genome are quite different. The functions of both microcystin and 
cyanopeptolin in cyanobacterial cells are not clear, and they were thought to be 
produced with no reason, or as a strategy to protect cyanobacteria against grazers. The 
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result of this study implied that the gene clusters of microcystin and cyanopeptolin 
biosynthesis are likely to be co-regulated, and their functions in cyanobacterial cells 
are likely to be closely related. Cyanopeptolins were found to be inhibitors for serine 
protease by binding to the enzyme in vitro, but whether they work as protease 
inhibitor as well in cyanobacterial cells is unknown. 
The gene expression profile of Microcystis aeruginosa also suggests that the cell 
is under oxidative stress when mcy gene expression is enhanced. As a photosynthesis 
organism, Microcystis probably face great challenge to minimize the damage due to 
oxygen and ROS. One sulfur deprivation response regulator sac1 and thioredoxin 
gene trx are found to be co-expressed with mcy genes, and sulfur is an important 
material for the cell to defend oxidative stress. This correlation could be due to 
co-incidentally regulated by light or the oxidative stress level in the cell. 
 
4.4 Metabolomics study for Microcystis aeruginosa  
4.4.1 Optimization for the quenching and metabolite extraction from Microcystis 
aeruginosa 
Quenching method. Quenching of metabolism is required before metabolite 
extraction to avoid the change of metabolites during the extraction process. Cold 
methanol quenching method has been used mainly for cell culture. By adding cold 
methanol directly to the liquid culture, it can cool the culture immediately and stop 
metabolism fast but may cause severe and unpredictable metabolite leakage. Liquid 
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nitrogen quenching method has been used mainly for plant tissue. The drawback is 
that a fast centrifugation or fast filtering step before liquid nitrogen quenching is 
needed for cell culture. In this study, we tested the two quenching methods in order to 
select the suitable quenching method for Microcystis metabolite extraction. 
For the cold methanol method, we used 60% MeOH and 70 mM HEPES (pH 5.5) 
as quenching buffer, which is reported to be able to minimize metabolite leakage 
(Faijes et al. 2007). 3 volumes of quenching buffer at -40℃ was added to 1 volume 
of culture, and then centrifugation of the mixture was performed to get cell pellets. 
For fast centrifugation method, we performed 3 min centrifugation at 4℃ before 
freezing the cell pellets in liquid nitrogen.  
Under the same experiment setup, the two quenching methods generated 
comparable number of compounds except in early retention time 0.5 -5 min (Fig. 
4-14). The cold methanol quenching method generated more compounds at 0.5-5 min 
retention time, which is due to residue of quenching buffer. And the variance among 
replicates of cold methanol method is more significant than that of fast centrifugation 
method. This could be either due to residue of quenching buffer or cell leakage when 
using cold methanol quenching method. Therefore, we conclude that fast 
centrifugation followed by liquid nitrogen quenching method is more suitable for the 
Microcystis metabolomics study.   
  









Fig. 4-14. Comparison of two quenching methods: cold methanol quenching and 
fast centrifugation followed by liquid nitrogen.(A) The total ion current (TIC) 
chromatogram of sample using cold methanol quenching method (black line) and fast 
centrifugation followed by liquid nitrogen quenching method (red line); (B) The 
extracted ion chromatogram (EIC) of sample using cold methanol quenching method; 
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(C) The extracted ion chromatogram (EIC) of sample using fast centrifugation 
followed by liquid nitrogen quenching method. 
 
Metabolite extraction buffer. 80% Methanol, methanol-chloroform-water 
mixture, and PBS buffer have all been used for metabolite extraction in metabolomics 
studies. Different buffer selections usually lead to different metabolite groups that can 
be extracted and detected. The purpose of this experiment is to select a proper buffer 
for metabolite extraction from Microcystis cells. We have found that different 
extraction buffer affected the number of compounds detected at each retention time 
(Table 4-6). Compared to the other 2 buffer, PBS extracted more compounds at early 
retention time (hydrophilic compounds), but fewer compounds at late retention time 
(hydrophobic compounds). Methanol-chloroform-water mixture extracted more 
hydrophobic compounds but fewer hydrophilic compounds. Another concern is the 
possible residue of salt and solvent for PBS and methanol-chloroform-water mixture 
during freeze dry process, which affected the variance of samples. Therefore, we 
selected 80% methanol as the extraction buffer because it provides a balance between 
hydrophilic and hydrophobic compounds, and also good reproducibility. Identified 
metabolites extracted by the 80% methanol method were mapped to KEGG pathways, 
and the pathways for which most metabolites were found include carotenoid 
biosynthesis, porphyrin and chlorophyll metabolism, amino acid biosynthesis (Fig. 
4-14), covering photosynthesis, amino acid metabolism, cell division, stress defense, 
and etc.  
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Table 4-6. Number of compounds detected at different retention time using 
three different buffer types. CL1-3: 3 technical replicates extracted by 
methanol-chloroform-water mixture, ME1-3: 3 technical replicates extracted by 80% 
methanol, PB1-3: 3 technical replicates extracted by PBS buffer (pH7)
Retention 
time 
0.5-5 min 5-9.5 min 9.5-14 min Total 
CL1 1288 2512 1666 5466 
CL2 1344 2898 1791 6033 
CL3 1277 2878 1608 5763 
ME1 1716 1582 1181 4479 
ME2 1630 1621 1234 4485 
ME3 1541 1612 1116 4269 
PB1 2853 1576 387 4816 
PB2 2723 1604 484 4811 
PB3 2711 1594 530 4835 
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Fig. 4-15 Pathways for which most metabolites have been identified for M. 
aeruginosa.  Metabolites were extracted by 80% methanol, and mass features found 
were identified and mapped to KEGG pathway by KEGG mapper 
(http://www.genome.jp/kegg/tool/map_pathway2.html). 
 
4.4.2 Variation of the metabolite profile of M. aeruginosa 
In parallel with the gene expression microarray analysis, metabolite profiles of 
Microcystis aeruginosa PCC7806 were studied 6hrs, 12hrs, and 24hrs after the 
environmental perturbations. Metabolites were extracted using 80% methanol and 
analyzed by LC/MS to study how the metabolite profile of M. aeruginosa change 
during environmental perturbations. In contrast to the microarray result, we found that 
the metabolite profile of Microcystis was disturbed more by nitrogen than by light. 
This can be seen in the hierarchical clustering analysis of samples (Fig. 4-16), and 
also in the PERMANOVA result (Table 4-7).  
The hierarchical clustering analysis for metabolomics data showed that samples 
were clustered mainly based on their nitrogen concentration, e.g., all samples with 
high nitrogen (N3) are clustered together. Light seems have less effect on the 
metabolite profile of Microcystis. PERMANOVA result (Table 4-7) showed that 
nitrogen caused more variation (13.6%), while light caused less variation (5.8%) to 
the metabolite profile. Meanwhile, there were a large number of residual variations 
(73.6%) in the metabolomics data, suggesting other unknown factor is affecting the 
metabolite profiles as well. 
 





0              5            10 
 
Fig. 4-16. Hierarchical clustering analysis of Microcystis aeruginosa metabolite 
profile after environmental perturbations.Signal intensities were averaged for 4 
bio-replicates. Red color indicates high signal intensities; black color indicates 
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medium signal intensities; green color indicates low signal intensities. A complete list 
of all sample name and environmental conditions is presented in Table 3-1. 
 
Table 4-7. Estimates of components of variation for metabolomics data 
(PERMANOVA result for samples after 6 hours treatment)  
Source Estimate Percentage p value 
V(Light) 30.285 5.80% 0.016 
V (Nitrogen) 70.976 13.59% 0.001 
V (Light x Nitrogen) 36.861 7.06% 0.059 
V (Residual) 384.18 73.56%  
Total 522.302 100%  
 
To test the variation of metabolite profiles caused by single factor (light or 
nitrogen), we performed pairwise PERMANOVA test by fixing one factor, either 
light or nitrogen, and studied the variation of the gene expression profile caused by 
varying the other factor (Fig. 4-17). The most number of differential metabolites 
happened between condition L1N2 and L2N2 (744 mass features), suggesting shifting 
from medium to low light intensity when fixing medium nitrogen concentration 
caused a drastic change to the Microcystis metabolite profile. Interesting, this is the 
same condition shift when most differential genes were found (as in Section 4.3.1). 
Least number of differential genes were found between L1N3 and L2N3 (311 mass 
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features), suggesting under high nitrogen conditions, light intensity change from low 
to medium does not affect the metabolite profile much. 
 
Fig. 4-17 Pairwise PERMANOVA showing the significant difference between 
metabolite profiles of samples treated with different environmental conditions 
and number of differential metabolites. Metabolic profiles (metabolomics) were 
compared between both light and nitrogen conditions using the PERMANOVA 
add-on in PRIMER v6.For pairwise PERMANOVA test, one factor, either light or 
nitrogen was fixed, and the variation caused by the other factor was analyzed. 
Significant difference in metabolite profile is represented by p value less than 0.05 
(green color). The number shows number of up- or down- regulated metabolites 
(condition on the first column vs. condition on the top row) with a fold change higher 
than 1.5, and p value less than 0.05.  
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Variation cause by light. Light caused significant variation in the metabolic 
profiles of M. aeruginosa only under low nitrogen conditions (Table 4-8). Under 
medium and high nitrogen conditions, the difference between conditions is not 
significant, and therefore, are not presented. This suggests that light is not a major 
factor affecting the metabolic profile. 
Table 4-8. Similarity in metabolite profile between samples showing variation 
caused by light. Average similarity between/within groups under low nitrogen 
condition (N1:0.375g NaNO3/L). Asterisks denote insignificant difference (P >= 0.05). 
Higher number indicates higher similarity between samples. 
Low nitrogen 
 L3 L2 L1 
L3 72.02   
L2 66.376 67.811  
L1 66.071 67.587* 67.181 
 
 Variation cause by nitrogen. Nitrogen caused significant variation in the 
metabolite profile of M. aeruginosa under medium and low light conditions (Table 
4-9). The result suggests that nitrogen is a stronger factor affecting the metabolic 
profile of Microcystis compared to light. 
In summary, fewer condition pairs were found to be significantly different in 
terms of metabolite profile, compared to those for gene expression profile. This 
suggests that metabolite profile change is not as significant as gene expression after 
environmental perturbations, or the metabolomics approach is less sensitive than 
microarray and hence, some cellular changes happened after environmental 
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perturbation were not captured by metabolomics data. However, most differential 
metabolites and genes happened during the same condition shift from L1N2 to L2N2, 
suggesting similar cellular changes were captured by both metabolomics and 
microarray approaches. 
Table 4-9. Similarity in metabolite profile between samples showing variation 
caused by nitrogen.  Similarity matrix for pairwise PERMANOVA between/within 
conditions when fixing light intensity. (A) Average similarity between/within groups 




). (B) Average similarity 





Asterisks denote insignificant difference (P >= 0.05). 
A Medium light 
 N3 N2 N1 
N3 66.495   
N2 67.389* 68.855  
N1 65.156 67.099 67.811 
B Low light 
 N3 N2 N1 
N3 69.105   
N2 66.307 68.818  
N1 66.539 65.913 67.181 
 
4.4.3 Protein binding microcystin level in cyanobacterial cells 
In previous experiment, the microarray data showed that mcy gene expression is 
altered by environmental perturbations, and LC/MS data showed that microcystin 
level was not changed. To explain the discrepancy between gene expression and 
metabolite level, one hypothesis is that microcystin can bind to proteins to form stable 
covalent bond and therefore, although the production of microcystin increased, the 
metabolite microcystin level does not change (Meissner et al. 2013).  
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To test whether microcystins can bind to proteins and measure the level of 
protein-binding microcystins, we used a protein extraction buffer to extract water 
soluble proteins form Microcysis. The protein extracts were then filtered through a 3k 
filter to separate the protein binding microcystin from free microcystin. According to 
a previous study, proteins that can bind to microcystins have various molecular 
weights, but most are higher than 3 kDa (Zilliges et al. 2011). The original protein 
extracts and the flow through were both tested for microcystin concentration using 
enzyme-linked immunosorbent assay (ELISA). 
The result showed that most microcystins are still in the free form, and the ratio 
of protein-binding to free microcystins in cyanobacterial cells is around 1:3 (Fig. 
4-18). While LC/MS could not detect the increased amount of free microcystin when 
mcy genes are up-regulated (condition L3N1), the ELISA detected increased 
microcystin concentration in both free and protein binding pool. One explanation is 
that ELISA detects total microcystin or the microcystin-Adda group, and can detect 
both free and protein binding microcystins. Although most compounds in the water 
sample or cell extracts should not interfere with microcystin test by ELISA, there may 
be a small amount of protein binding microcystin in the 80% methanol extracts. Those 
compounds could not be recognized and therefore was not detected by LC/MS 
method, but could be detected by ELISA. 
Our ELISA results agreed with previous report (Meissner et al. 2013) that the 
intracellular microcystin amount does not change dramatically even in the 
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protein-binding pool. If we compare the two extreme conditions, the protein binding 
microcystin amount increased by 60% from L1N3 (low light & high nitrogen) to 
L3N1 (high light & low nitrogen). The experiment was repeated twice with similar 
result, suggesting total intracellular microcystin amount agreed with the previously 
found mcy gene transcription trend. 
A 
Free microcystin
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Fig. 4-18. Microcystin ELISA test for free and protein-binding microcystins.(A) 
Concentrations of free microcystin (extracted by 80% methanol) in samples treated 
with different environmental conditions for 6 hours. (B) Concentrations of 
protein-binding microcystins (removed by 3k filter) in samples treated with different 
environmental conditions for 6 hours. L3N1: high light & low nitrogen; L3N3: high 
light & high nitrogen; L2N1: medium light & low nitrogen; L1N1: low light & low 
nitrogen; L1N3: low light & high nitrogen. A complete list of all sample names and 
environmental conditions applied are presented in Table 3-1.Values are described as 
mean +SE of five biological replicates. Means with different letters above error bars 
are significantly different (student t-test, p < 0.05).  
 
4.4.4 Resource partitioning revealed by gene expression and metabolite profile 
For microcystin biosynthesis, the cells need to consume energy and materials, 
which could be used for cell growth as well. To understand how resources are 
allocated in cyanobacterial cells between microcystin production and cellular growth, 
we studied the dynamics of precursors of microcystin biosynthesis pathway, most of 
which are also required for cell growth and division. 
The microcystin precursor glutamine, leucine, and arginine did not show the 
same trend as the mcy gene expression (Fig. 4-19). Glutamine and arginine are clearly 
up-regulated by light, suggesting the low microcystin level under low light condition 
are associated with limited amino acid resources. Leucine is up-regulated by nitrogen, 
while not changed by light much. High nitrogen shock introduced sufficient nitrogen 
source to the cellular system which could be used for amino acid biosynthesis. Indeed, 
this up-regulation of amino acids was observed for both glutamine and leucine after 
12 hours treatment, which will be presented later in Fig. 4-22. 
  

























































































Fig. 4-19. Changes to microcystin biosynthesis pathway after 6 hours’ 
environmental perturbations. (A) mcyA gene expression level after environmental 
perturbations (microarray data, modified from Fig. 4-4A). (B) Glutamine level after 
environmental perturbations (metabolomics data). (C) Leucine level after 
environmental perturbations (metabolomics data). (D) Arginine level after 
environmental perturbations (metabolomics data). Values were adjusted to make the 
control condition L2N1 level equal to 1.0. Values are mean + SE of 3 biological 
replicates for microarray and four biological replicates for metabolomics data. A 
complete list of all sample names and environmental conditions are presented in 
Table 3-1 
 
Aminosugar metabolism pathway was found correlated with mcy gene 
expression (Section 4.3.3). We plot the transcript level of two genes in that pathway: 
glmU and murB and found that they followed similar trend to the microcystin 
biosynthesis pathway (Fig. 4-20A). The gene glmU is essential for peptidoglycan and 
lipopolysaccharide biosynthesis in E. coli (Menginlecreulx and Vanheijenoort 1993). 
The gene murB is a key enzyme in the peptidoglycan biosynthetic pathway in Bacillus 
subtilis (Real and Henriques 2006). Both genes were important for peptidoglycan 
biosynthesis in bacteria, suggesting cell wall synthesis is following the same trend as 
microcystin biosynthesis. Together with cell division pathway, fatty acid biosynthesis 
pathway, aminosugar metabolism represents another cell growth and division related 
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pathway that followed the same trend as microcystin biosynthesis. All these pathways 
implied that cyanobacterial cells are not compensating cell growth, but instead, are 
under rapid growth and division when microcystins are actively produced. So where 
do the resources for microcystin biosynthesis come from?  
We found that photosynthesis pathway was down-regulated by both light and 
nitrogen, especially for the gene psaJ and psaF (Fig. 4-20B). Although the functions 
of psaJ and psaF are still not fully understood, and some reports showed that they are 
not essential for the photosystem I, it was reported that PsaJ interacts with PsaF to 
allow fast electron transfer (Farah et al. 1995, Fischer et al. 1999). These results 
suggest that high light down-regulated psaJ and psaF, and therefore, the electron 
transfer by the PSI to control the photosynthesis rate. Interestingly, the regulator sac1, 
which was found to be correlated with mcy genes, has the function of controlling 
photosynthesis rate and reduce the oxidative stress level as well (Davies et al. 1996). 
Therefore, we could hypothesize that when light intensity is high, cyanobacteria 
adjust photosynthesis rate to control the oxidative stress level. 
  









































Fig. 4-20. Changes to aminosugar metabolism and photosynthesis pathways 
during environmental perturbations.  (A) Aminosugar metabolism pathway 
followed similar trend to the microcystin biosynthesis (microarray data). (B) Genes in 
photosynthesis pathway were down-regulated by light and nitrogen (microarray data). 
Values were adjusted to make the control condition L2N1 level equal to 1.0. Values 
are mean ± SE of 3 biological replicates. A complete list of all sample names and 
environmental conditions are presented in Table 3-1 
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As described in Section 4.1, L3N1 (high light & low nitrogen) and L1N3 (low 
light & high nitrogen) are the two extreme conditions when mcy gene transcription is 
promoted and inhibited, respectively. Metabolomics data analysis was performed 
using Mass Profiler Professional software (Agilent). Because mcy gene expression 
level is the highest at L3N1 and lowest at L1N3 differential metabolites between the 
two extreme conditions (L3N1 vs. L1N3, fold change >2, p value < 0.05) were 
exported from Mass Profiler Professional. 
We first identified, and mapped differential metabolites to KEGG pathways 
using KEGG Mapper. Among the 743 differential mass features, 141 differential 
metabolites were identified and mapped to KEGG pathways (Table 4-10). The result 
suggests that protein and amino acid metabolisms are affected by the environmental 
condition change from microcystin inhibition to microcystin promotion conditions. 
Besides, glucosinolate biosynthesis, which is reported as a defense mechanism in 
plants, and porphyrin and chlorophyll metabolism, which is related to photosynthesis, 
are also found to be affected. 
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Table 4-10. Pathways and differential metabolites between two extreme 
conditions(High light, low nitrogen vs. Low light, high nitrogen). Because 
mcy gene expression level is the highest at L3N1 and lowest at L1N3, differential 
metabolites between the two extreme conditions (L3N1 vs L1N3, fold change >2, p 
value < 0.05) were exported, identified and mapped to KEGG pathways using KEGG 


















C00064 L-Glutamine 2.12E-04 2.0 
C00073 L-Methionine 2.12E-04 2.0 
C00123 L-Leucine 4.86E-03 -223.2 
C00183 L-Valine 2.12E-04 2.0 
C00246 Butanoic acid 2.12E-04 2.0 
C00483 Tyramine 8.45E-09 -3273.2 





C00073 L-Methionine 2.12E-04 2.0 
C00123 L-Leucine 4.86E-03 -223.2 
C00183 L-Valine 2.12E-04 2.0 
C16583 (R)-(Homo)2-citrate 1.13E-06 -17.1 
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3-(3'-Methylthio)propylm
alic acid 1.35E-02 2.8 
C17217 Dihomomethionine 2.12E-04 7039.4 
C19491 
(E)-2-Methylbutanal 
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C05775 alpha-Ribazole 6.79E-03 105.7 
C05786 (3Z)-Phycocyanobilin 2.12E-04 2.0 
C05797 Pheophytin a 2.12E-04 2.0 
C11243 Bacterio-chlorophyll b 2.12E-04 2.0 
C18021 Pheophorbide a 1.90E-02 -3.1 
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acids C00064 L-Glutamine 2.12E-04 2.0 
C00073 L-Methionine 2.12E-04 2.0 
C00123 L-Leucine 4.86E-03 -223.2 
C00183 L-Valine 2.12E-04 2.0 




C00020 AMP 2.12E-04 2.0 
C00064 L-Glutamine 2.12E-04 2.0 
C00147 Adenine 2.12E-04 2.0 
C00212 Adenosine 8.08E-04 3.7 
C00387 Guanosine 2.12E-04 2.0 
 
 
Connections among pathways altered during the switch between the two extreme 
conditions (Fig. 4-21) showed that photosynthesis pigments, nucleotide and amino 
acids amount in the cell were all up-regulated under microcystin promotion condition. 
Those materials for photosynthesis, cell growth and secondary metabolite 
biosynthesis could mainly come from two sources: protein degradation and 
2-oxocarboxylic acid metabolism. High light may have increased oxidative stress 
level in the cell and consequently protein degradation, which could provide resources 
for secondary metabolite biosynthesis and cell growth. However, protein degradation 
itself is another problem the cell has to face. Low nitrogen may have exacerbated the 
protein limit in the cell. As suggested by other researchers (Meissner et al. 2013), 
there is a hypothetical link between microcystin biosynthesis and protein degradation. 
 




Fig. 4-21. Illustration of connections among pathways altered during the 
switch between two extreme conditions(High light, low nitrogen vs. Low 
light, high nitrogen). Metabolites in red were up-regulated and those in blue were 
done-regulated under high microcystin condition (L3N1 vs L1N3, fold change >2, p 
value < 0.05). 
 
Metabolite sets enrichment analysis (Fig. 4-21) was performed using a 
web-based MSEA tool (Xia and Wishart 2010). It is noteworthy that this tool was 
developed for human metabolome analysis, and it does not contain plant-/ 
cyanobacterium- specific metabolites and pathways’ information, such as for plant 
secondary metabolites or photosynthesis. Over representation analysis was performed 
against Metabolic pathway associated metabolite sets (currently contains 88 entries). 
Only pathways with at least 2 differential compounds were shown. The result shows 
that protein biosynthesis and amino acid metabolism are the most affected pathways 
during the shift from microcystin inhibition (L1N3) to microcystin promotion (L3N1) 
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condition. This could be the reason why nitrogen has a more significant influence than 
light on the metabolite profile of Microcystis. 
 
Fig. 4-22. Over Representation Analysis (ORA) of differential metabolites (L3N1 
vs. L1N3).Over representation analysis was performed against Metabolic pathway 
associated metabolite sets (currently contains 88 entries) using a web-based MSEA 
tool (Xia and Wishart 2010). 
 
Amino acid glutamine, serine, alanine, leucine, and arginine are precursors of 
microcystins. Among them, glutamine and leucine are found to be differentially 
expressed during the shift from microcystin inhibition (L1N3) to microcystin 
promotion (L3N1) condition. Both glutamine and leucine concentrations increase with 
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nitrogen concentration, probably due to the sufficient nitrogen after nitrogen shock 
(Fig. 4-22). This can be seen either by following single treatment for 24 hours (Fig. 
4-22A &C), or by comparing samples treated with different nitrogen conditions at the 
same time point (Fig. 4-22B &D). 
A                                B 
         
C                                D 
        
Fig. 4-23. Concentrations of glutamine and leucine are increased by nitrogen 
shock.(A) Glutamine level increased after treating the sample with high nitrogen 





. (B) Glutamine levels in samples treated with low, medium, and high nitrogen 




). (C) Leucine 
level increased after treating the sample with high nitrogen concentration (1.5g 




. (D) Leucine levels in 
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samples treated with low, medium, and high nitrogen concentrations for 12 hours 




). Data are expressed in relative values 
normalized to the value at time 0 or N1 condition. Data are mean values of four 
bio-replicates + SE. 
4.4.5 Discussion 
Unlike the gene expression profile, which was mainly changed with light 
intensity, the metabolite profile of Microcystis aeruginosa is affected more by 
nitrogen availability. Previously, nitrogen shock was created by growing Microcystis 
culture from early growth phase in medium with different nitrogen concentrations, 
and cells were harvested at late log phase, which is 28 days after the inoculation (Ginn 
et al. 2010). In this study, we tried to minimize the variance among different samples 
after long time of culture, e.g., cell density, growth stage, etc. We created the nitrogen 
shock condition by splitting a big Microcystis culture at late log phase into small tubes, 
and adding different concentrations of sodium nitrate to each tube. Therefore, a much 
shorter time (maximum 24 hours) for nitrogen shock could be applied. 
 During the 24 hour treatment time, although the cell density does not change 
much because of the long doubling time of cyanobacteria, changes in metabolite 
profile can already be observed. However, due to the limited understanding of 
cyanobacterial metabolites and pathways, most differential metabolites could not be 
identified, and pathway mapping was performed using KEGG pathway for general 
organisms. Therefore, we may miss many cyanobacterial specific pathways. 
As secondary metabolites, microcystins could be detected by LC/MS at a 
retention time of 5.7 min using our method. However, we did not see clear trend in 
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the microcystin level change after environmental perturbations. Instead, the 
intracellular microcystin level seems to be fluctuating at a constant level. Similarly, 
the concentration of cyanopeptolin, the gene expression of which showed the 
similarity to mcy genes, was also similar to microcystins.  
The most significant change in metabolites observed was for amino acids, and 
therefore, protein biosynthesis and amino acid metabolism were identified as 
pathways significantly altered during the shift from low to high microcystin 
conditions. Proteins and non-ribosomal peptides, e.g., microcystins and 
cyanopeptolins, are all using amino acids as precursors. High amino acid 
concentration happened at high nitrogen concentration, is associated with low mcy 
gene expression. This result suggests that when there is more nitrogen available, the 
cell is using more amino acids for protein synthesis, rather than microcystin and 
cyanopeptolin biosynthesis. It was reported that microcystins are stable compounds 
which can resist extreme conditions, and its photo-degradation can be limited in 
natural environment (Gagala and Mankiewicz-Boczek 2012). This might explain why 
the cell does not need to consume more amino acids for microcystin/cyanopeptolin 
biosynthesis even when nitrogen is in excess. 
Recently, one metabolomics study on Microcystis was reported using GC/MS 
method. In that study, the metabolite profile of wild type M. aeruginosa PCC 7806 
was compared with mcy knock out mutant, and another cyanobacterium species 
Synechocystis PCC6803 (Meissner et al. 2014). It was found that under high light 
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conditions, wild type (toxic) PCC 7806 has a faster accumulation of glycolate and 
better adaptation. The advantage of using GC/MS is a more complete database, and it 
favors volatile compounds. Our metabolomics approach using LC/MS can detect 
different class of metabolites from GC/MS including non-volatile compounds, e.g. 
microcystins and cyanopeptolins. Therefore, LC/MS and GC/MS can be 
complementary to each other in metabolomics studies. 
 
4.5 Microcystin and oxidative stress 
4.5.1 High light increases ROS level in cyanobacterial cells 
Recently, microcystins were related to oxidative stress adaptation of 
cyanobacteria (Zilliges et al. 2011, Meissner et al. 2013). Since our microarray data 
also suggested the cell was under oxidative stress when it is actively producing 
microcystins, we performed experiment to confirm whether the cell is experiencing 
oxidative stress when environmental perturbations are applied.  
The reactive oxygen species (ROS) level in the cell was measured by DCFH-DA 
method. Briefly, cells treated with different environmental conditions were incubated 
with non-fluorescent DCFH-DA in the dark to avoid light-induced auto-oxidation of 
DCFH-DA. DCFH-DA was then converted to non-fluorescent DCFH by cellular 
esterases, and DCFH can be converted to fluorescent DCF by ROS in the cell. The 
intracellular ROS level was then determined by measuring fluorescence. 
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The result shows that high light leads to high ROS level in cyanobacterial cells, 
while no clear effect of nitrogen on ROS level was observed. The increased ROS 
level could be due to the enhanced photosynthesis in the cyanobacterial cells 
happened at high light conditions. The high ROS level in the cell can be reduced by 
adding vitamin E to the culture during high light treatment (Fig. 4-23). Surprisingly, 
samples supplemented with hydrogen peroxide during high light treatment did not 
show elevated ROS level (data not shown). This could be explained by the fact that 
hydrogen peroxide could inhibit photosynthesis in the cyanobacterial cell (Samuilov 
et al. 2001). 
A 
Protein-binding microcystin



























Fig. 4-24. Oxidative stress and protein binding microcystin levels in samples 
treated with different environmental conditions(A)Protein binding microcystin 
levels after environmental perturbations (modified from Fig. 4-18). (B) Reactive 
oxygen species (ROS) levels in samples treated with different environmental 
conditions Microcystis aeruginosa cells were treated with 5 environmental conditions 
with or without vitamin E for 6 hours. L3N1: high light & low nitrogen; L3N3: high 
light & high nitrogen; L2N1: medium light & low nitrogen; L1N1: low light & low 
nitrogen; L1N3: low light & high nitrogen. A complete list of all sample names and 
environmental conditions applied are presented in Table 3-3.  
 
4.5.2 High sulfur concentration down-regulated mcy gene expression 
Although we did not change sulfur concentration in the environmental 
perturbations applied in the above experiment, the microarray data showed that a 
sulfur deprivation response regulator was co-expressed with mcy genes. Sulfur 
metabolism also plays an important role in cyanobacterial defense against oxidative 
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stress. Therefore, if intracellular microcystin’s function is related to oxidative stress, 
we should be able to see some effect of sulfur shock on mcy gene expression. 
Similar to the nitrogen shock experiment, we performed sulfur shock to 
Microcystis aeruginosa culture at late log phase, and monitored the transcript 
abundance of mcyA and mcyD genes after 6 hours by qRT-PCR. The result shows that 
high sulfur concentration reduced the transcript abundance of mcy genes (Fig. 4-24). 
This result supports the hypothesis that high mcy gene expression is associated with 
sulfur limited growth. 
 
Fig. 4-25. Effect of sulfur shock on mcyA and mcyD gene transcript levels.  
Transcript abundance was measured by qRT-PCR 6 hours after treatment with 
different sulfur concentrations for 6 hours. S1: Low sulfur (0.0025 gS/L), S2: medium 
sulfur (0.005gS/L), S3: high sulfur (0.01gS/L). Transcript abundance of mcy genes 
was described as mcy:rpoC1 ratio. Values are mean +SE of four biological replicates. 
The values were adjusted by making the value of S1 to be 1. 





The relation between microcystin and oxidative stress seems to be important for 
regulating microcystin biosynthesis. Microcystins are reported to bind to certain 
proteins through stable covalent bond, and we were not able to see remarkable 
changes in the microcystin concentration in metabolites after environmental 
perturbations by LC/MS. ELISA result showed that total microcystin amount did 
change according to the mcy gene transcription level, and protein-binding 
microcystins were found under all 5 environmental conditions, suggesting 
protein-binding form is a common form for intracellular microcystins.  
While the exact function of intracellular microcystins is still unclear, there are a 
number of clues suggesting that this type of secondary metabolites are produced at 
high level, kept in cyanobacterial cells, and play an important role in helping the cell 
adapt to stress conditions (Zilliges et al. 2011, Meissner et al. 2013, Neilan et al. 
2013). Microcystins might be one of the strategies the cyanobacterial cells adopted to 
survive high oxidative stress conditions. When high light and low nitrogen condition 
is applied, the cyanobacterial cell needs to produce more microcystins to protect 
proteins from high oxidative stress, and therefore may need to up-regulate mcy gene 
expression. Nitrogen probably works in another way, since it is not changing the ROS 
level in the cell. When low light and high nitrogen condition is applied, the cell is not 
at high oxidative stress level and has sufficient resources for protein biosynthesis, and 
therefore does not require a lot of microcystins. 
                                        RESULTS AND DISCUSSION 
126 
 
In the natural environment, toxic and non-toxic strains usually co-exist. 
Microcystin production can provide cyanobacteria with better adaptability to high 
light conditions, and may help them in the competition with non-toxic strains. It was 
found that toxic cyanobacterial strains were more resistant to high light and recovered 
faster from inhibition of photosynthesis caused by high light (Deblois and Juneau 
2012). It was also reported that toxic cyanobacterial strains were able to survive very 
low CO2 concentration, and became dominant in competition with non-toxic strains 
(Van de Waal et al. 2011). Toxic strains seem to survive better under stress conditions. 
However, microcystin production itself consumes resources including energy and 
amino acids. Therefore, whether toxin production gives the cyanobacteria an 
advantage over non-toxic strains can be dependent on specific environmental 
conditions. Interestingly, according to study on mcy gene evolution, many non-toxic 
cyanobacterial strains used to have the mcy gene cluster, and lost the functional mcy 
gene cluster due to gene deletion events in the evolution (Christiansen et al. 2008), 
suggesting the change of cyanobacterial habitat may make the toxin production less 
crucial for the survival of cyanobacteria. It needs to be investigated whether such 
non-toxic strains gained other stress coping mechanisms during the evolution. 
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5 CONCLUSION AND FUTURE DIRECTIONS 
This Chapter summarizes major conclusions derived from this study and 
suggests for future research directions which should contribute to the elucidation of 
some issues in cyanotoxin research which have not be covered in this thesis.  
Major conclustions of the research are summarized as follows. 
1. High light up-regulates while high nitrogen down-regulates mcy gene 
expression. 
2. Integrated systems level study can be applied to gain insight to cellular 
strategy for different physiological processes. 
3. Compared to nitrogen, light is a major factor affecting the Microcystis gene 
expression profile. 
4. There are a number of cell growth and stress related pathways coordinately 
regulated with microcystin biosynthesis pathway. Those pathways include 
fatty acid biosynthesis, cell division, gas vesicle proteins, thiamine 
metabolism, vitamin B6 metabolism, ABC transporter, and cyanopeptolin 
biosynthesis, etc. These pathways suggest that perhaps gas vesicle and stress 
coping pathways might be coordinately regulated as both cell floating and 
stress coping pathways are enhanced at the same time when microcystin 
production is induced by light.  
5. Nitrogen is a stronger factor than light in affecting the metabolite profile of 
Microcystis aeruginosa after environmental perturbations. 
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6. Protein biosynthesis and amino acid metabolisms are significantly altered 
during the shift from low to high microcystin conditions. 
7. Free microcystin level detected by LC/MS was not changed with 
environmental conditions. However, total microcystin level detected by 
ELISA showed the same trend as the mcy gene expression level. 
8. High light leads to high ROS level in cyanobacterial cells, while nitrogen 
shock does not have clear effect on the ROS level. 
9. High sulfur concentration could reduce mcy gene transcription level. 
10. Taken together, this study provides a better understanding of the resource 
allocation strategies for metabolite biosynthesis, cell growth and microcystin 
production. 
Future directions of cyanotoxin research are suggested below. 
1. The genome annotation of cyanobacterial species. There are a large number of 
unknown genes in the Microcystis genome. Research on the genome annotation 
either for totally unknown genes, or for further clarification of the putative 
functions, will help future research using the systems biology approach. 
2. Cyanobacteria specific metabolite and pathway database. Cyanobacteria are 
famous for producing numerous metabolites. Structure, function, and pathway 
about those metabolites are largely unknown. Building a cyanobacteria specific 
metabolite and pathway database will be a long term work, but can facilitate and 
accelerate metabolomics research in this area. 
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3. Validation and further study of the pathways found correlated to microcystin 
biosynthesis pathway.  
4. Function or role of intracellular cyanopeptolins. Cyanopeptolin and microcystin 
are similar compounds, and their biosynthesis seems to follow the same trend. The 
functional study of cyanopeptolin will also help us understand the functions of 
cyanobacterial secondary metabolites. 
These future research directions will not only contribute to the cyanotoxin 
research, but also improve our understanding of cyanobacterial secondary 
metabolism. The efforts to build cyanobacterial genome, metabolite, and pathway 
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Genes identified in the additional gene annotation effort. Functional prediction was 
found for the 324 genes in all 3 databases (KEGG, NCBI-nr, and Pfam). Results by 
NCBI-nr were not shown because of space limitation. The IPF numbers are the locus 
tags for the PCC 7806 genome. 
 
IPF 2013_Pfam KEGG_Filtered description 
IPF_4485 Retinal pigment epithelial membrane 
protein 
carotenoid_oxygenase 
IPF_2010 Bacterial protein of unknown function 
(DUF839) 
putative_phosphatase 
IPF_283 Glycosyl hydrolase like GH101 protein_of_unknown_function_DUF187 
IPF_4004 YcaO-like family bacteriocin_biosynthesis_cyclodehydratas
e_domain_protein 
IPF_5597 Transposase IS66 family transposase_IS66 
IPF_1746 Esterase-like activity of phytase endonuclease/exonuclease/phosphatase 
IPF_53 AAA-like domain diguanylate_cyclase 
IPF_4773 YcaO-like family bacteriocin_biosynthesis_cyclodehydratas
e_domain_protein 
IPF_48 AMP-binding enzyme AMP-dependent_synthetase_and_ligase_(
EC:6.2.1.3_1.3.99.10) 
IPF_4357 CRISPR associated protein Cas1 CRISPR-associated_endonuclease_Cas1 
IPF_2259 Predicted permease permease 
IPF_1232 HindVP restriction endonuclease type_II_restriction_enzyme 
IPF_7730 Transposase DDE domain transposase_family_protein 
IPF_5681 Polyphosphate kinase 2 (PPK2) Polyphosphate:AMP_phosphotransferase
_(EC:2.7.4.-) 




IPF_2218 CRISPR-associated protein (Cas_Cmr3) CRISPR-associated_protein_Cmr3 
IPF_344 CHAT domain TPR_repeat-containing_protein 
IPF_2962 Glycerol-3-phosphate acyltransferase acyl-phosphate_glycerol_3-phosphate_ac
yltransferase 
IPF_4051 Sulfatase-modifying factor enzyme 1 sulfatase-modifying_factor_protein 
IPF_4169 Divergent PAP2 family acid_phosphatase/vanadium-dependent_h
aloperoxidase-like_protein 
IPF_1223 DNA-sulfur modification-associated DGQHR_domain-containing_protein 
IPF_1543 Protein kinase domain serine/threonine_kinase 
IPF_2157 Protein kinase domain serine/threonine_kinase 
IPF_1657 Sulfatase-modifying factor enzyme 1 von_Willebrand_factor_A_domain-contai
ning_protein 
IPF_63 CHAD domain CHAD_domain-containing_protein 
IPF_3445 CpeS-like protein phycobilin_lyase_CpcU_subunit 
IPF_4406 Sulfite exporter TauE/SafE putative_permease 
IPF_104 Reverse transcriptase (RNA-dependent 
DNA polymerase) 
RNA-directed_DNA_polymerase 
IPF_1378 Transposase DDE domain transposase_family_protein 
IPF_3981 Glycosyl transferases group 1 glycosyl_transferase_family_protein 




IPF_3039 Cytochrome C biogenesis protein 
transmembrane region 
cytochrome_c_biogenesis_protein 
IPF_1885 MEKHLA domain MEKHLA_domain_protein 
IPF_3394 Uncharacterised protein family UPF0047 secondary_thiamine-phosphate_synthase_
enzyme 
IPF_69 FAD dependent oxidoreductase FAD_dependent_oxidoreductase 
IPF_1704 Putative restriction endonuclease protein_of_unknown_function_DUF820 
IPF_4527 ABC1 family ABC_transporter 




IPF_4650 ABC1 family ABC_transporter 
IPF_2230 NurA domain NurA_domain-containing_protein 
IPF_1433 CpeS-like protein Protein_of_unknown_function_CpeS/Ycf
58 
IPF_3889 CpeS-like protein CpcV_protein 
IPF_3495 2OG-Fe(II) oxygenase superfamily 2OG-Fe(II)_oxygenase 
IPF_1553 Glycosyl transferase family 2 exoU_UDP-hexose_transferase 
IPF_1555 Glycosyl transferase family 2 family_2_glycosyl_transferase 
IPF_8028 Sulfatase-modifying factor enzyme 1 serine/threonine_protein_kinase 
IPF_3780 Plasmid encoded toxin Txe putative_addiction_module_toxin_Txe/Y
oeB 
IPF_3808 ABC1 family ABC_transporter 
IPF_141 CP12 domain CP12_domain-containing_protein 
IPF_2450 23S rRNA-intervening sequence protein S23_ribosomal_protein 
IPF_5281 Oligomerisation domain iojap-like_protein 
IPF_2293 TspO/MBR family TspO_and_MBR_related_protein 
IPF_1184 DRTGG domain DRTGG_domain-containing_protein 
IPF_2478 MOSC domain MOSC_domain_containing_protein 
IPF_4232 Stage II sporulation protein SpoIID/LytB_domain-containing_protein 
IPF_2341 ABC1 family ABC_transporter 
IPF_1991 SNARE associated Golgi protein SNARE_associated_Golgi_family_protei
n 




IPF_3336 Probable transposase transposase 
IPF_2817 Phosphotransferase enzyme family aminoglycoside_phosphotransferase 




IPF_2414 Plasmid maintenance system killer protein plasmid_maintenance_system_killer_prot
ein 
IPF_3908 HlyD family secretion protein RND_family_efflux_transporter_MFP_su
bunit 
IPF_1454 Prokaryotic homologs of the JAB domain Mov34/MPN/PAD-1_family_protein 
IPF_406 Voltage gated chloride channel putative_Cl-channel_voltage_gated 
IPF_980 Receptor family ligand binding region ligand_binding_domain-containing_prote
in 
IPF_42 Isoprenylcysteine carboxyl 
methyltransferase (ICMT) family 
isoprenylcysteine_carboxyl_methyltransf
erase 
IPF_1531 Universal stress protein family universal_stress_protein_UspA-like_prot
ein 





IPF_5255 Methyltransferase FkbM domain noeI_nodulation_protein 
IPF_2080 Methyltransferase FkbM domain FkbM_family_methyltransferase 
IPF_801 Metallo-beta-lactamase superfamily beta-lactamase_domain-containing_protei
n 
IPF_2569 Methyltransferase FkbM domain FkbM_family_methyltransferase 
IPF_1121 Dihaem cytochrome c diheme_cytochrome_C 
IPF_3361 Alpha/beta hydrolase family alpha/beta_hydrolase_fold_protein 
IPF_1447 AAA domain DNA_sulfur_modification_protein_DndD 
IPF_3995 Subtilase family SagB-type_dehydrogenase_domain_prote
in 
IPF_1041 23S rRNA-intervening sequence protein CHP02436-containing_protein 
IPF_5989 DDE superfamily endonuclease transposase 
IPF_1321 Polyketide cyclase / dehydrase and lipid 
transport 
polyketide_cyclase/dehydrase 
IPF_4654 AhpC/TSA family peroxiredoxin 
IPF_12 FeoC like transcriptional regulator Mn-dependent_transcriptional_regulator 
IPF_811 Transposase DNA-binding putative_transposase 
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IPF_1311 Transglutaminase-like superfamily transglutaminase 
IPF_2203 Subtilase family peptidase_S8/S53_subtilisin_kexin_sedol
isin 
IPF_4137 Glutaredoxin-like domain (DUF836) glutaredoxin-like_protein 




IPF_6299 Beta-lactamase superfamily domain Zn-dependent_hydrolase 
IPF_5530 ThiS family sulfur_carrier_protein_ThiS 
IPF_3822 NB-ARC domain transcriptional_regulator 
IPF_2672 PLD-like domain helix-hairpin-helix_motif_protein 




IPF_2628 Glycosyl transferase family 41 O-linked_N-acetylglucosamine_transfera
se 
IPF_2133 Transposase DDE domain transposase 
IPF_1333 Calcineurin-like phosphoesterase Calcineurin-like_phosphoesterase 
IPF_2935 Phage derived protein Gp49-like 
(DUF891) 
putative_addiction_module_killer_protein 
IPF_4239 TIR domain TIR_protein 
IPF_959 AAA-like domain ATPase_AAA 




IPF_899 CRISPR associated protein Cas1 cas1_CRISPR-associated_Cas1_family_p
rotein 
IPF_712 PIN domain nucleotide_binding_protein_PINc 
IPF_4616 Glycosyl transferase family 41 O-linked_N-acetylglucosamine_transfera
se 
IPF_5600 Transposase IS66 family insertion_sequence_transposase 




IPF_580 YcfA-like protein YcfA_family_protein 
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IPF_5752 GlcNAc-PI de-N-acetylase LmbE-like_protein 
IPF_1866 Winged helix-turn helix transposase 
IPF_2072 Winged helix-turn helix transposase 
IPF_8574 23S rRNA-intervening sequence protein putative_S23_ribosomal_protein 
IPF_994 Transglutaminase-like superfamily transglutaminase 
IPF_6067 DDE superfamily endonuclease transposase 
IPF_4405 Rhodanese-like domain Rhodanese-like_protein 
IPF_4387 YcfA-like protein putative_periplasmic_or_secreted_lipopro
tein 
IPF_1142 Pentapeptide repeats (8 copies) putative_low-complexity_protein 
IPF_1864 DDE superfamily endonuclease transposase 
IPF_6330 DDE superfamily endonuclease transposase 
IPF_4978 GtrA-like protein GtrA_family_protein 
IPF_824 YcfA-like protein YcfA_family_protein 
IPF_3970 Glycosyl hydrolase like GH101 protein_of_unknown_function_DUF187 
IPF_3680 SNARE associated Golgi protein putative_membrane-associated_protein 
IPF_3592 NACHT domain putative_signal_transduction_protein_wit
h_Nacht_domain 
IPF_6331 Calcineurin-like phosphoesterase metallophosphoesterase 
IPF_618 PIN domain Nucleotide_binding_protein_PINc 
IPF_3532 AMP-binding enzyme AMP-dependent_synthetase_and_ligase 
IPF_2079 Polysaccharide biosynthesis protein polysaccharide_biosynthesis_protein 
IPF_2474 Radical SAM superfamily Radical_SAM_domain_protein 
IPF_3662 Protein kinase domain Mn2+-dependent_serine/threonine_protei
n_kinase 
IPF_2115 CAAX protease self-immunity abortive_infection_protein 
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IPF_2202 Patatin-like phospholipase patatin-related_protein 
IPF_4932 Pentapeptide repeats (8 copies) pentapeptide_repeat-containing_protein 
IPF_1768 TrkA-N domain TrkA-N_domain-containing_protein 
IPF_861 NAD(P)-binding Rossmann-like domain C-3'4'_desaturase_CrtD 
IPF_4240 TIR domain TIR_protein 
IPF_3015 EamA-like transporter family protein_of_unknown_function_DUF6_tra
nsmembrane 
IPF_2894 Iron-sulphur cluster biosynthesis iron-sulfur_cluster_assembly_accessory_
protein 
IPF_3624 Transposase DDE domain transposase 
IPF_2377 Trypsin-like peptidase domain trypsin-like_serine_protease_with_C-ter
minal_PDZ_domain 
IPF_4124 NB-ARC domain NB-ARC_domain-containing_protein 
IPF_2492 Nucleotidyltransferase domain nucleotidyltransferase 
IPF_4660 YcfA-like protein putative_periplasmic_or_secreted_lipopro
tein 
IPF_635 Na+/H+ antiporter subunit Na+/H+_antiporter_subunit_G 
IPF_4713 PIN domain transposase 
IPF_5337 Radical SAM superfamily radical_SAM-linked_protein/radical_SA
M_family_protein 
IPF_632 DnaJ domain heat_shock_protein_DnaJ_domain-contai
ning_protein 
IPF_2269 XisH protein XisH_protein 
IPF_2131 Transposase DDE domain transposase_IS4_family_protein 
IPF_4069 mce related protein mammalian_cell_entry_domain-containin
g_protein 
IPF_561 Piwi domain stem_cell_self-renewal_protein_Piwi 
IPF_2878 Antitoxin Phd_YefM, type II 
toxin-antitoxin system 
prevent-host-death_family_protein 
IPF_3067 Transposase domain (DUF772) transposase 
IPF_555 Methyltransferase domain putative_methyltransferase 
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IPF_2574 Methyltransferase domain SAM-dependent_methyltransferase 
IPF_1381 Transposase domain (DUF772) transposase 
IPF_2417 YcfA-like protein Predicted_periplasmic_or_secreted_lipop
rotein 
IPF_30 Staphylococcal nuclease homologue putative_nuclease 
IPF_5940 HD domain metal_dependent_phosphohydrolase 
IPF_3328 Glyoxalase-like domain glyoxalase/bleomycin_resistance_protein/
dioxygenase 
IPF_2175 Bacterial SH3 domain SH3_type_3_domain-containing_protein 
IPF_615 Antitoxin Phd_YefM, type II 
toxin-antitoxin system 
toxin-antitoxin_(TA)_system_antitoxin 
IPF_4749 CobQ/CobB/MinD/ParA nucleotide 
binding domain 
ATPase 
IPF_8397 HD domain metal_dependent_phosphohydrolase 
IPF_4419 AAA domain putative_ATPase 








IPF_4888 Methyltransferase domain DNA_methylase 
IPF_1124 WD domain, G-beta repeat WD40_repeat-containing_protein 
IPF_2692 YcfA-like protein periplasmic_or_secreted_lipoprotein 
IPF_154 PQ loop repeat Cystinosin/ERS1p_repeat_protein 
IPF_47 Phosphopantetheine attachment site short-chain_dehydrogenase/reductase_SD
R_(EC:2.3.1.165) 
IPF_5434 YcfA-like protein periplasmic_or_secreted_lipoprotein 
IPF_2859 AAA ATPase domain ATPase 
IPF_2732 Divergent AAA domain transcriptional_regulator 
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IPF_1859 Biotin-lipoyl like secretion_protein_HlyD_family_protein 
IPF_2420 PIN domain PilT_protein_domain-containing_protein 
IPF_1067 Putative addiction module component Putative_addiction_module_component 
IPF_2053 rod shape-determining protein MreD rod_shape-determining_protein_MreD 
IPF_820 NB-ARC domain NB-ARC_domain-containing_protein 
IPF_5473 50S ribosome-binding GTPase GTP-binding_protein_HSR1-related_prot
ein 
IPF_2373 Pentapeptide repeats (8 copies) pentapeptide_repeat-containing_protein 
IPF_1889 Nucleotidyltransferase domain DNA_polymerase_beta_domain-containi
ng_protein 
IPF_1194 Transposase transposase 
IPF_4216 Alpha/beta hydrolase family alpha/beta_hydrolase 
IPF_5036 Taurine catabolism dioxygenase TauD, 
TfdA family 
branched-chain-amino-acid_transaminase 
IPF_113 Patatin-like phospholipase patatin 
IPF_1063 PIN domain PilT_protein_domain_protein 
IPF_2953 Methyltransferase domain methylase 
IPF_4818 Trypsin-like peptidase domain Trypsin-like_protein_serine_protease 
IPF_3737 Methyltransferase domain type_12_methyltransferase 
IPF_3606 Rhodanese-like domain rhodanese 
IPF_1903 AAA-like domain ATPase-like_protein 
IPF_778 Alpha/beta hydrolase family esterase 
IPF_8678 Sulfatase-modifying factor enzyme 1 serine/threonine_protein_kinase 
IPF_5318 Nucleotidyltransferase domain nucleotidyltransferase 
IPF_2879 Plasmid encoded toxin Txe Txe/YoeB_family_addiction_module_tox
in 
IPF_4105 Bacterial SH3 domain serine/threonine_protein_kinase 
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IPF_779 Phosphotransferase enzyme family putative_aminoglycoside_phosphotransfe
rase 
IPF_6538 LVIVD repeat LVIVD_repeat-containing_protein 
IPF_1632 Plasmid stabilisation system protein cytotoxic_translational_repressor_of_toxi
n-antitoxin_stability_system 
IPF_2217 RAMP superfamily CRISPR-associated_protein_Cmr4_famil
y 
IPF_3612 Nucleotidyltransferase domain DNA_polymerase_beta_domain-containi
ng_protein_region 
IPF_813 Antitoxin Phd_YefM, type II 
toxin-antitoxin system 
prevent-host-death_family_protein 
IPF_784 PPIC-type PPIASE domain parvulin-like_peptidyl-prolyl_isomerase 




IPF_1713 Plasmid stabilisation system protein plasmid_addiction_system_poison_protei
n 
IPF_2941 Sulfotransferase family Sulfotransferase_family 
IPF_5428 B12 binding domain radical_SAM_protein 
IPF_58 STAS domain anti-sigma_f_factor_antagonist 
IPF_2938 DDE_Tnp_1-associated putative_transposase 
IPF_3040 Thioredoxin thioredoxin_domain-containing_protein 
IPF_1578 Transposase DDE domain transposase 
IPF_2333 Nucleotidyltransferase domain nucleotidyltransferase 
IPF_5054 Fatty acid desaturase fatty_acid_desaturase 
IPF_6634 Plasmid stabilisation system protein plasmid_stabilization_system 




IPF_4170 AAA domain ATPase-like_protein 
IPF_1932 Transposase DNA-binding putative_transposase 













IPF_1643 Antitoxin Phd_YefM, type II 
toxin-antitoxin system 
prevent-host-death_family_protein 
IPF_579 Antitoxin Phd_YefM, type II 
toxin-antitoxin system 
prevent-host-death_family_protein 
IPF_4126 Plasmid stabilisation system protein cytotoxic_translational_repressor_of_toxi
n-antitoxin_stability_system 
IPF_1899 PIN domain protein_of_unknown_function_DUF132 
IPF_3520 Pentapeptide repeats (8 copies) pentapeptide_repeat-containing_protein 
IPF_5848 Radical SAM superfamily radical_SAM_protein 
IPF_102 Methyltransferase domain methylase 
IPF_1559 Polysaccharide biosynthesis protein polysaccharide_biosynthesis_protein 
IPF_2021 Transposase domain (DUF772) transposase 
IPF_3871 Radical SAM superfamily Radical_SAM_domain_protein 
IPF_5478 Radical SAM superfamily ribosomal_RNA_large_subunit_methyltra
nsferase_N 
IPF_1607 PIN domain PilT_protein_domain-containing_protein 
IPF_1933 Nucleotidyltransferase domain DNA_polymerase_subunit_beta 




IPF_2931 PIN domain putative_nucleic_acid-binding_protein_c
ontains_PIN_domain 
IPF_3982 CBS domain CP12_polypeptide 
IPF_3249 Cytochrome b(N-terminal)/b6/petB Prokaryotic_cytochrome_b561 




IPF_2683 Archaeal ATPase ATPase_domain-containing_protein 





IPF_4295 Transposase DDE domain transposase_IS4 
IPF_5077 Glycosyl transferase family 8 glycosyl_transferase_family_8 
IPF_1065 Plasmid stabilisation system protein plasmid_stabilization_system 
IPF_2561 Helix-turn-helix domain of transposase 
family ISL3 
transposase 
IPF_1316 Antitoxin Phd_YefM, type II 
toxin-antitoxin system 
prevent-host-death_family_protein 
IPF_4786 PIN domain putative_nucleic_acid-binding_protein_c
ontains_PIN_domain 
IPF_1656 AAA domain (dynein-related subfamily) AAA_ATPase_(EC:3.6.3.-) 
IPF_4934 Universal stress protein family UspA_domain-containing_protein 
IPF_1800 CHAT domain transmembrane_sensor_domain-containin
g_protein 
IPF_4631 Antitoxin Phd_YefM, type II 
toxin-antitoxin system 
toxin-antitoxin_(TA)_system_antitoxin 
IPF_265 TRAM domain MiaB-like_tRNA_modifying_protein_Yli
G_(EC:1.3.1.74) 
IPF_7052 Transposase DDE domain transposase 
IPF_3566 Pentapeptide repeats (9 copies) pentapeptide_repeat_protein 
IPF_2636 HEAT repeats pentapeptide_repeat-containing_protein 
IPF_1905 DNA methylase ParB_domain-containing_protein_nucleas
e 
IPF_3344 HAS barrel domain HerA-ATP_synthase_barrel_domain-cont
aining_protein 
IPF_4101 Ycf66 protein N-terminus Ycf66_family_protein 
IPF_1412 AAA ATPase domain KAP_family_P-loop_domain_protein 
IPF_2223 GAF domain phytochrome_sensor_protein 
IPF_5821 PemK-like protein transcriptional_modulator_of_MazE/toxi
n_MazF 
IPF_5451 Saccharopine dehydrogenase saccharopine_dehydrogenase-like_oxidor
eductase 
IPF_4864 4Fe-4S dicluster domain ferredoxin 
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IPF_638 Na+/H+ ion antiporter subunit multisubunit_sodium/proton_antiporter_s
ubunit_MrpE 
IPF_520 Glycosyl hydrolases family 15 putative_phosphorylase_kinase 
IPF_2736 Plasmid stabilisation system protein plasmid_stabilization_system_protein 
IPF_460 YcfA-like protein periplasmic_or_secreted_lipoprotein 
IPF_3397 DDE superfamily endonuclease transposase 
IPF_4659 PRC-barrel domain PRC-barrel_domain-containing_protein 
IPF_212 Plasmid stabilisation system protein plasmid_stabilization_system 
IPF_6978 Uncharacterised protein family (UPF0175) fis_family_transcriptional_regulator 
IPF_1757 Homeodomain-like domain transposase 
IPF_5222 BMC domain microcompartments_protein 
IPF_4092 SNF2 family N-terminal domain helicase_domain_protein 
IPF_5549 Glycosyltransferase Family 4 UDP-glucose:tetrahydrobiopterin_glucos
yltransferase_(EC:2.4.1.-) 
IPF_2214 RAMP superfamily Cmr6_family_CRISPR-associated_RAM
P_protein 
IPF_821 Plasmid stabilisation system protein RelE/StbE_family_addiction_module_tox
in 
IPF_230 Cupin domain isomerase_component_of_bacilysin_synt
hetase 
IPF_4047 Glycosyl transferase family 2 family_2_glycosyl_transferase 
IPF_2306 Calx-beta domain LVIVD_repeat-containing_protein 
IPF_2482 ATP-grasp domain RimK_domain-containing_protein_ATP-
grasp 
IPF_3673 Transposase IS200 like transposase 
IPF_5112 Glycosyl transferases group 1 glycosyltransferase 
IPF_2442 DDE superfamily endonuclease transposase 
IPF_7239 HNH endonuclease HNH_endonuclease 
IPF_6262 Methyltransferase domain type_11_methyltransferase 
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IPF_1944 RAMP superfamily protein_of_unknown_function_DUF324 
IPF_2851 Tetratricopeptide repeat peptidase-like_protein 
IPF_787 Winged helix-turn helix transposase 
IPF_6347 Transposase Tn5 dimerisation domain transposase 
IPF_2132 Transposase DDE domain transposase_IS4_family_protein 
IPF_3752 Gram-negative bacterial TonB protein 
C-terminal 
TonB_family_protein 
IPF_5001 NACHT domain signal_transduction_protein_with_Nacht_
domain-containing_protein 
IPF_1026 Haloacid dehalogenase-like hydrolase putative_phosphatase 
IPF_1931 Transposase DNA-binding transposase 
IPF_303 Winged helix-turn helix transposase 
IPF_3655 Plasmid stabilisation system protein plasmid_stabilization_system_protein 
IPF_2483 RimK-like ATP-grasp domain RimK_domain-containing_protein_ATP-
grasp 
IPF_793 PPIC-type PPIASE domain PpiC-type_peptidyl-prolyl_cis-trans_isom
erase 
IPF_960 NurA domain cytoplasmic_protein 
IPF_1774 Acetyltransferase (GNAT) family N-acetyltransferase_GCN5 
IPF_2547 Aspartyl protease putative_aspartyl_protease 
IPF_2899 Calx-beta domain hemolysin-type_calcium-binding_protein 
IPF_2846 Mut7-C RNAse domain protein_of_unknown_function_DUF82 
IPF_1106 Transposase Tn5 dimerisation domain putative_transposase 
IPF_3273 Transposase Tn5 dimerisation domain putative_transposase 
IPF_588 Transposase Tn5 dimerisation domain putative_transposase 
IPF_6116 Transposase Tn5 dimerisation domain putative_transposase 
IPF_1634 Tetratricopeptide repeat NB-ARC_domain-containing_protein 
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IPF_1102 Transposase Tn5 dimerisation domain putative_transposase 
IPF_6579 Transposase Tn5 dimerisation domain putative_transposase 
IPF_1646 SNF2 family N-terminal domain helicase_domain-containing_protein 
IPF_2896 Plasmid stabilisation system protein plasmid_stabilization_system_protein 
IPF_6025 Transposase DDE domain putative_transposase 
IPF_115 WD40-like Beta Propeller Repeat Tol_biopolymer_transport_system_peripl
asmic_protein 
IPF_428 RAMP superfamily CRISPR-associated_protein_Cmr4_famil
y 
IPF_1521 KGK domain KGK_family_protein 
IPF_5271 Transposase IS200 like transposase 
IPF_5297 YCII-related domain YciI-like_protein 
IPF_1273 Plasmid stabilisation system protein RelE/StbE_family_addiction_module_tox
in 
IPF_5242 Plasmid stabilisation system protein plasmid_stabilization_system_protein 
 
APPENDIX II 
List of genes co-expressed with mcyA or mcyD (Spearman correlation coefficient > 
0.95). Only annotated genes were shown. Microcystin and cyanopeptolin biosynthesis 




Gene name or info Function 
10.1 Cation transp Cation transp 
95.1 dus2 03014 Other translation proteins 
130.1 desA 00150 Androgen and estrogen metabolism [PATH:ko00150] 
158.1 ABC Transp 02010 ABC transporters [PATH:ko02010] 
159.1 rfbB _ 
223.1 BarE non-ribosomal peptide synthetase 
231.1 fabG  
233.1 peptide synth 
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234.1 fabG  
236.1 O-ac Trf-ase  
241.1 pyrE, umpS 00240 Pyrimidine metabolism [PATH:ko00240] 
242.1 ndhA  
262.2 Me-T-ase Methyltransferase 
263.2 Thioredoxin _ 
264.1 btpA photosystem I biogenesis protein 
348.1 pdxH 00750 Vitamin B6 metabolism [PATH:ko00750] 
367.1 mcyJ Microcystin biosynthesis 
368.1 mcyI Microcystin biosynthesis 
370.1 mcyG  
371.1 mcyF  
372.1 mcyE  
373.1 mcyD  
374.1 mcyA Microcystin biosynthesis 
375.1 mcyB  
377.1 mcyC  
378.1 TR-ase _ 
390.1 Gly Trase glycosyl transferase 
391.1 Gly-trans glycosyl transferase 
395.1 sqdB  
441.1 kaiC circadian clock protein 
510.1 Me-ase  
543.1 rfbD _ 
544.1 rfbD _ 
548.1 rpoC2 03020 RNA polymerase [PATH:ko03020] 
620.2 Porin typ _ 
739.1 rpl19, rplS 03010 Ribosome [PATH:ko03010] 
741.1 nusG 03028 Other transcription related proteins 
742.1 rplK, rpl11 03010 Ribosome [PATH:ko03010] 
757.1 Me-T-ase Methyltransferase 
798.1 tig  
803.1 dxs 00100 Biosynthesis of steroids [PATH:ko00100] 
965.1 Acet Trf-ase diamine acetyltransferase 
966.1 clpB1 ATPases with chaperone activity 
1001.1 petB  
1035.1 recR 03034 Other replication, recombination and repair proteins 
1077.1 hemE 00860 Porphyrin and chlorophyll metabolism [PATH:ko00860] 
1080.2 ABC Transp 02010 ABC transporters [PATH:ko02010] 
1118.1 MOAB 00790 Folate biosynthesis [PATH:ko00790] 
1138.1 Mb prot membrane protein 
1139.1 ESB prot 02010 ABC transporters [PATH:ko02010] 
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1174.1 pstB  
1175.1 pstA 02010 ABC transporters [PATH:ko02010] 
1203.1 Cation transp Cation transp 




1299.1 DNA pol beta DNA polymerase 
1302.1 IAP75 chloroplastic outer envelope membrane protein 
1330.1 pcrA 03034 Other replication, recombination and repair proteins 
1348.1 murB 00530 Aminosugars metabolism [PATH:ko00530] 
1356.1 ABC Transp 02010 ABC transporters [PATH:ko02010] 
1359.1 ccs1, ycf44 03100 Protein folding and associated processing 
1453.1 dpm1 00510 N-Glycan biosynthesis [PATH:ko00510] 
1485.1 dcm 00271 Methionine metabolism [PATH:ko00271] 
1529.1 sppA _ 
1545.1 cupA  
1546.1 ndhD3 00190 Oxidative phosphorylation [PATH:ko00190] 
1574.1 sensor 02020 Two_component system [PATH:mar02020] 
1591.1 glgB 00500 Starch and sucrose metabolism [PATH:ko00500] 
1599.1 fabG1 00061 Fatty acid biosynthesis [PATH:ko00061] 
1615.1 fabF 00061 Fatty acid biosynthesis [PATH:ko00061] 
1616.1 acpP  
1636.1 lysC 00260 Glycine, serine and threonine metabolism 
[PATH:ko00260] 
1677.1 aroE 00400 Phenylalanine, tyrosine and tryptophan biosynthesis 
[PATH:ko00400] 
1731.1 MinD 04410 Cell division 
1732.1 minC 04410 Cell division 
1766.2 Helicase  
1777.1 Mo bind O-ase molybdopterin binding oxidoreductase 
1778.1 rpmF, rps32 03010 Ribosome [PATH:ko03010] 
1784.1 chlG 00860 Porphyrin and chlorophyll metabolism [PATH:ko00860] 
1785.1 arsA 02082 Other transporters 
1819.1 rbfA 03014 Other translation proteins 
1888.1 tetra Tpep rep _ 
1917.1 fabZ 00061 Fatty acid biosynthesis [PATH:ko00061] 
1918.1 SPOIID 04420 Sporulation 
2012.2 AMuP epimerase NA 
2013.1 ppa 00190 Oxidative phosphorylation [PATH:ko00190] 
2046.1 kaiC circadian clock protein 
2050.1 peptidase peptidase 
2052.1 ponA _ 
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2054.1 mreC 04410 Cell division 
2098.1 Nitrilase nitrilase 
2234.1 rpsG 03010 Ribosome [PATH:ko03010] 
2238.1 glyQ 00260 Glycine, serine and threonine metabolism 
[PATH:ko00260] 
2239.1 pknA Serine/threonine protein kinase 
2274.1 Pentapep rep 
2284.1 amMeth Trf-ase aminomethyltransferase 
2286.1 gap1  
2291.1 dnaB 03032 Replication complex 
2295.1 phr2 deoxyribodipyrimidine photolyase-related protein 
2316.1 cphB cyanophycinase 
2318.1 pvuIIM  
2326.1 ugd  
2327.1 rfbB 00520 Nucleotide sugars metabolism [PATH:ko00520] 
2343.1 argJ 00220 Urea cycle and metabolism of amino groups 
[PATH:ko00220] 
2360.1 ABC Transp 02010 ABC transporters [PATH:ko02010] 
2380.1 frr ribosome releasing factor 
2381.1 pyrH 00240 Pyrimidine metabolism [PATH:ko00240] 
2394.2 TR-ase  
2424.1 PolC ISOmerase _ 
2435.1 Gly Trase  
2439.1 rfbJ _ 
2479.1 MRP 04410 Cell division 
2480.1 rodA 04410 Cell division 
2513.1 rpsB 03010 Ribosome [PATH:ko03010] 
2518.1 Mann PG trf-ase 00051 Fructose and mannose metabolism [PATH:ko00051] 
2523.1 ycf4  
2532.1 rbcL 00630 Glyoxylate and dicarboxylate metabolism 
[PATH:ko00630] 
2533.2 ccmN carbon dioxide concentrating mechanism protein 
2604.1 thiD 00730 Thiamine metabolism [PATH:ko00730] 
2605.1 ftsZ 04410 Cell division 
2660.1 aslB putative arylsulfatase regulatory protein 
2661.1 mltA 00520 Nucleotide sugars metabolism [PATH:ko00520] 
2665.1 zam  
2670.1 pdxJ  
2738.1 murD 00471 D-Glutamine and D-glutamate metabolism 
[PATH:ko00471] 
2749.1 AB inf prot NA 
2762.2 hitB 02010 ABC transporters [PATH:ko02010] 
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2787.1 rplQ 03010 Ribosome [PATH:ko03010] 
2789.1 rpsK 03010 Ribosome [PATH:ko03010] 
2805.1 NDHN  
2806.1 gltX  
2808.1 avaIM AvaI methyltransferase 
2809.1 avaIR AvaI restriction endonuclease 
2853.2 ureC  
2889.1 atpC, atpE  
2952.2 thiG  
2966.1 phb protease 
2973.1 pys or crtB 00100 Biosynthesis of steroids [PATH:ko00100] 
2978.1 Cation transp Cation transp 
2980.1 Sac1 _ 
2981.1 Sac1 _ 
2988.1 Gly Trase glycosyl transferase 
2989.1 Peptidase peptidase 
2990.1 serS 00260 Glycine, serine and threonine metabolism 
[PATH:ko00260] 
2994.1 Glycosyl Tr-ase glycosyl transferase 
3037.1 murG 00550 Peptidoglycan biosynthesis [PATH:ko00550] 
3099.1 sufA 02010 ABC transporters [PATH:ko02010] 
3123.2 aspS 00252 Alanine and aspartate metabolism [PATH:ko00252] 
3127.1 Me-ase methyltransferase 
3132.1 mcnE cyanopeptolin synthetase  
3135.1 mcnC cyanopeptolin synthetase  
3139.2 mcnF, NosG cyanopeptolin synthetase  
3141.2 mcnG cyanopeptolin synthetase  
3148.1 pyrC 00240 Pyrimidine metabolism [PATH:ko00240] 
3155.1 dapL 00710 Carbon fixation [PATH:ko00710] 
3185.1 ABC Transp 02010 ABC transporters [PATH:ko02010] 
3252.1 cobQ 00860 Porphyrin and chlorophyll metabolism [PATH:ko00860] 
3261.1 accB 00620 Pyruvate metabolism [PATH:ko00620] 
3262.1 efp Translation elongation factor 
3276.1 glmS  
3280.1 rplO, rpl15 03010 Ribosome [PATH:ko03010] 
3281.1 rpsE, rps5 03010 Ribosome [PATH:ko03010] 
3282.1 rplR, rpl18 03010 Ribosome [PATH:ko03010] 
3283.1 rplF, rpl6 03010 Ribosome [PATH:ko03010] 
3284.1 rpsH, rps8 03010 Ribosome [PATH:ko03010] 
3285.1 rplE, rpl5 03010 Ribosome [PATH:ko03010] 
3286.1 rplX, rpl24 03010 Ribosome [PATH:ko03010] 
3287.1 rplN, rpl14 03010 Ribosome [PATH:ko03010] 
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3288.1 rpsQ, rps17 03010 Ribosome [PATH:ko03010] 
3290.1 rpmC, rpl29 03010 Ribosome [PATH:ko03010] 
3291.1 rplP, rpl16 03010 Ribosome [PATH:ko03010] 
3292.1 rpsC, rps3 03010 Ribosome [PATH:ko03010] 
3293.1 rplV, rpl22 03010 Ribosome [PATH:ko03010] 
3295.1 rpsS, rps19 03010 Ribosome [PATH:ko03010] 
3296.1 rplB, rpl2 03010 Ribosome [PATH:ko03010] 
3298.1 rplW, rpl23 03010 Ribosome [PATH:ko03010] 
3299.1 rplD, rpl4 03010 Ribosome [PATH:ko03010] 
3320.1 Cob ac synth Cobyrinic acid a,c-diamide synthase 
3347.1 queA 03014 Other translation proteins 
3351.1 gcvT 00910 Nitrogen metabolism [PATH:ko00910] 
3367.1 devA 02010 ABC transporters [PATH:ko02010] 
3389.1 ESB prot 02010 ABC transporters [PATH:ko02010] 
3427.1 csaB polysaccharide pyruvyl transferase 
3450.1 thrB 00260 Glycine, serine and threonine metabolism 
[PATH:ko00260] 
3463.1 prmA 03014 Other translation proteins 
3464.1 serA 00260 Glycine, serine and threonine metabolism 
[PATH:ko00260] 
3478.1 Ser/thre kin _ 
3512.1 natA 02010 ABC transporters [PATH:ko02010] 
3515.1 ptpA  
3516.1 No Sim  
3531.1 lspA 03060 Protein export [PATH:ko03060] 
3533.1 Synthase ligase _ 
3581.1 hisC 00860 Porphyrin and chlorophyll metabolism [PATH:ko00860] 
3615.1 rplU, rpl21 03010 Ribosome [PATH:ko03010] 
3616.1 AMuP etherase 00530 Aminosugars metabolism [PATH:mar00530] 
3617.1 peptidase peptidase 
3626.2 lysA 00300 Lysine biosynthesis [PATH:ko00300] 
3642.1 MviN 02052 Other ion-coupled transporters 
3675.1 menB 00130 Ubiquinone biosynthesis [PATH:ko00130] 
3683.1 ddpA 02010 ABC transporters [PATH:ko02010] 
3688.1 desD 00591 Linoleic acid metabolism [PATH:ko00591] 
3689.1 fabD 00061 Fatty acid biosynthesis [PATH:ko00061] 
3690.1 fabH 00061 Fatty acid biosynthesis [PATH:ko00061] 
3691.1 plsX 00061 Fatty acid biosynthesis [PATH:ko00061] 
3727.1 trx  
3729.1 trmB  




3861.1 purB 00230 Purine metabolism [PATH:ko00230] 
3872.1 lytR cell envelope-related transcriptional attenuator 
3875.1 AmpG signal transducer 
3876.1 Ser P-ase _ 
3881.1 nrdA 00230 Purine metabolism [PATH:ko00230] 
3950.1 rfbD 00520 Nucleotide sugars metabolism [PATH:ko00520] 
3969.1 N6 Me-ase  
4038.1 purS 00230 Purine metabolism [PATH:mar00230] 
4039.1 purL 00230 Purine metabolism [PATH:ko00230] 
4040.1 Mannosyl T-ase mannosyltransferase 
4046.1 Man-1-P GT-ase manse1phosphate guanyltransferase 
4128.1 Permease precur Permease precursor 
4138.2 ampC, penP 00311 Penicillin and cephalosporin biosynthesis 
[PATH:ko00311] 
4143.1 ntpJ  
4158.2 pilQ, gspD 03090 Type II secretion system [PATH:ko03090] 
4161.1 PeptidoG bind peptidase 
4190.1 HAD hase HAD-superfamily hydrolase 
4194.1 Me-T-ase Methyltransferase 
4195.1 mmsB 00280 Valine, leucine and isoleucine degradation 
[PATH:ko00280] 
4218.1 isiA Photosystem II chlorophyll a-binding protein 
4258.1 CpcD CpcD phycobilisome linker-like 
4339.1 thrA 00260 Glycine, serine and threonine metabolism 
[PATH:ko00260] 
4363.1 Sucrose-Pase _ 
4369.1 ABC Transp Sulfate 02010 ABC transporters [PATH:ko02010] 
4391.2 ABC Transp 02010 ABC transporters [PATH:ko02010] 
4444.1 atpA 00190 Oxidative phosphorylation [PATH:ko00190] 
4448.1 atpE, atpH 00190 Oxidative phosphorylation [PATH:ko00190] 
4451.1 atpI 00190 Oxidative phosphorylation [PATH:ko00190] 
4472.1 pth 03014 Other translation proteins 
4526.1 pphA _ 
4583.1 dnaA 03032 Replication complex 
4623.1 Cob ac synth Cobyrinic acid a,c-diamide synthase 
4625.1 gmd 00051 Fructose and mannose metabolism [PATH:ko00051] 
4626.1 fcl 00051 Fructose and mannose metabolism [PATH:ko00051] 
4640.1 murI 00251 Glutamate metabolism [PATH:ko00251] 
4652.1 VTE1, SXD1  
4655.1 glmU 00530 Aminosugars metabolism [PATH:ko00530] 
4658.2 pdhC, odhB 00010 Glycolysis / Gluconeogenesis [PATH:ko00010] 
4776.2 psbE  
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4794.1 cbiO 02010 ABC transporters [PATH:ko02010] 
4810.2 panC/kcy 00410 beta-Alanine metabolism [PATH:ko00410] 
4831.1 ldh, citH 00010 Glycolysis / Gluconeogenesis [PATH:ko00010] 
4834.1 GTP-bind GTP-binding protein 
4836.1 FtsI 00550 Peptidoglycan biosynthesis [PATH:ko00550] 
4858.1 DNA gyr mod protease 
4859.2 pyrA, carB 00240 Pyrimidine metabolism [PATH:ko00240] 
4862.1 Gly Trase glycosyl transferase 
4892.1 gcvH glycine decarboxylase 
4928.1 folC 00790 Folate biosynthesis [PATH:ko00790] 
4936.1 chlI 00860 Porphyrin and chlorophyll metabolism [PATH:ko00860] 
4939.1 glyS  
4948.1 lepB 03060 Protein export [PATH:ko03060] 
4973.1 livK, natB 02010 ABC transporters [PATH:ko02010] 
5012.1 thiL 00730 Thiamine metabolism [PATH:ko00730] 
5018.2 TR-ase  
5057.1 rpm1 03010 Ribosome [PATH:ko03010] 
5065.1 desB 01040 Biosynthesis of unsaturated fatty acids [PATH:mar01040] 
5087.1 livH 02010 ABC transporters [PATH:ko02010] 
5117.1 trpC  
5133.1 caspase like peptidase 
5205.1 hpcE NA 
5322.1 isiA Photosystem II chlorophyll a-binding protein 
5331.2 secD 03060 Protein export [PATH:ko03060] 
5332.1 secF 03060 Protein export [PATH:ko03060] 
5333.1 ruvC 03034 Other replication, recombination and repair proteins 
5334.1 wecB  
5358.1 glgA 00500 Starch and sucrose metabolism [PATH:ko00500] 
5364.1 livM 02010 ABC transporters [PATH:ko02010] 
5378.1 glgP 00500 Starch and sucrose metabolism [PATH:ko00500] 
5415.1 gvpN (Nter) gas vesicle protein 
5419.1 gvpK gas vesicle protein 
5423.1 gvpW gas vesicle protein 
5463.1 por 00860 Porphyrin and chlorophyll metabolism [PATH:ko00860] 
5495.1 ccmK2 carbon dioxide concentrating mechanism protein 
5496.2 ccmK1 carbon dioxide concentrating mechanism protein 
5506.2 psr _ 
5587.1 ndhJ  
5695.2 ccmM carbon dioxide concentrating mechanism protein 
5734.1 hisF 00340 Histidine metabolism [PATH:ko00340] 
5753.1 rfbP _ 
5754.1 Met tRNA FoTrf-ase Methionyl-tRNA formyltransferase 
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5855.1 ccmK4 carbon dioxide concentrating mechanism protein 
5948.1 gvpA1 gas vesicle protein 
5950.1 gvpA3 gas vesicle protein 
5966.1 peroxiredoxin 
6196.1 ccmL carbon dioxide concentrating mechanism protein 
6298.1 Bind inner mb Binding-protein-dependent transport systems 
6312.2 thiG 00530 Aminosugars metabolism [PATH:ko00530] 
6534.1 mtaP 00271 Methionine metabolism [PATH:ko00271] 
6535.1 ureB  
6547.1 PeriP prot periplasmic protein 
6548.1 pyrB 00240 Pyrimidine metabolism [PATH:ko00240] 
6567.1 nlpD, LysM Peptidase 
6570.1 Res Enz _ 
6575.1 secY _ 
6592.1 desB 01040 Biosynthesis of unsaturated fatty acids [PATH:mar01040] 
6612.1 panC/kcy 00410 beta-Alanine metabolism [PATH:ko00410] 
6631.1 Protease _ 
6898.1 lepB1 3061 Protein export [PATH:ko03060] 
8141.1 exbB proton channel family protein 
8665.1 holB 03030 DNA polymerase [PATH:ko03030] 
 
APPENDIX III 
Genes continuously up-regulated by light (fold change ≥1.5, p value≤ 0.05) when 
nitrogen was at medium level (N2). Those genes were up-regulated when shifting 
from low to medium and from medium to high light conditions. 
IPF Gene name or info Gene product 
IPF_1138 Mb prot membrane protein 
IPF_1209 Tr-ase transposase 
IPF_1399 cobI, cbiL precorrin-2 methyltransferase (EC 2.1.1.130) 
IPF_1400 cobH , cbiC precorrin-8X methylmutase (EC 5.4.1.2) 
IPF_1402 nirA ferredoxin--nitrite reductase 
IPF_1487 livF amino acid transport system ATP-binding 
protein 
IPF_1488 rlpA RlpA-like lipoprotein precursor 
IPF_1548 ndhF3 NADH dehydrogenase subunit 5 NdhF 
IPF_1549 rbcR transcriptional regulator 
IPF_2087 phrB deoxyribodipyrimidine photolyase 




IPF_2180 cmpB bicarbonate transport system permease protein 
IPF_2181 ssuA, tauA, cmpA bicarbonate transport system substrate-binding 
protein 
IPF_2343 argJ arginine biosynthesis bifunctional protein ArgJ 
IPF_2511 shc squalene-hopene-cyclase 
IPF_2573 rfaQ Lipopolysaccharide core biosynthesis glycosyl 
transferase RfaQ 
IPF_2575 GMHA PHOSPHOHEPTOSE ISOMERASE 
IPF_2586 dfa1 putative diflavin flavoprotein A 1 
IPF_2660 aslB putative arylsulfatase regulatory protein 
IPF_3139 mcnF, NosG ABC-transporter ATP-binding protein McnF 
IPF_3148 pyrC dihydroorotase 
IPF_3155 dapL aminotransferase 
IPF_3280 rplO, rpl15 50S ribosomal protein L15 
IPF_3281 rpsE, rps5 30S ribosomal protein S5 
IPF_3282 rplR, rpl18 50S ribosomal protein L18 
IPF_3283 rplF, rpl6 50S ribosomal protein L6 
IPF_3284 rpsH, rps8 30S ribosomal protein S8 
IPF_3285 rplE, rpl5 50S ribosomal protein L5 
IPF_3286 rplX, rpl24 50S ribosomal protein L24 
IPF_3287 rplN, rpl14 50S ribosomal protein L14 
IPF_3288 rpsQ, rps17 30S ribosomal protein S17 
IPF_3290 rpmC, rpl29 50S ribosomal protein L29 
IPF_3291 rplP, rpl16 50S ribosomal protein L16 
IPF_3292 rpsC, rps3 30S ribosomal protein S3 
IPF_3293 rplV, rpl22 50S ribosomal protein L22 
IPF_3295 rpsS, rps19 30S ribosomal protein S19 
IPF_3389 ESB prot extracellular solute-binding protein 
IPF_3427 csaB polysaccharide pyruvyl transferase 
IPF_3688 desD delta 6 acyl-lipid desaturase 
IPF_378 TR-ase transposase 
IPF_3861 purB adenylosuccinate lyase 
IPF_3881 nrdA ribonucleotide reductase subunit alpha 
IPF_4129 trpE anthranilate synthase component I 
IPF_4646 CapD homolog polysaccharide biosynthesis protein CapD 
homolog 
IPF_5391 ugtP monoglucosyldiacylglycerol synthase 
IPF_5566 CydA Cytochrome d ubiquinol oxidase, subunit I 
IPF_620 Porin typ porin type major outer membrane protein 
IPF_6592 desB Delta(12)-fatty acid dehydrogenase 
IPF_706 proC pyrroline-5-carboxylate reductase 
IPF_716 GTP bind GTP-binding protein 
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IPF_809 pxcA Proton extrusion protein PcxA 
 
APPENDIX IV 
Mass spectrum showing microcystin-LR. 
 
